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ABSTRACT 
 
There has been an increasing demand for involving stakeholders in the development of sustainable civil 
infrastructure systems. It has been acknowledged that one key element of a project is stakeholder 
involvement. As such, failure to successfully involve the stakeholders of an infrastructure project in its 
planning and design can drive the failure of the entire project. However, stakeholder involvement 
practices are in many cases unsuccessful due to a set of gaps in the following areas: 1) Time of 
stakeholder involvement: stakeholders are not involved early enough in the project lifecycle; 2) Depth of 
stakeholder involvement: stakeholders are not adequately and actively involved in generating project 
alternatives; 3) Transparency and systematicness in decision-making: There is a lack of transparent, 
systematic methods for conducting stakeholder involvement and accordingly analyzing the different 
alternatives; and 4) Method of alternative analysis (impact assessment vs. benefit assessment): In the 
context of infrastructure planning and design, impact assessment has been utilized in the evaluation of 
alternatives without incorporating benefit assessment as a major criterion in the analysis. Thus, the focus 
has been on reducing the negative impacts of infrastructure development without adequate consideration 
of how to increase the collective benefits to the stakeholders. 
 
These gaps indicate the need for improving the stakeholder involvement process. There is a need for a 
process that engages stakeholders actively and early, as well as uses transparent, systematic, and benefit-
centric decision-making methods for conducting stakeholder-centric analysis of project alternatives. 
Benefit assessment has been in many cases conducted in the form of cost-benefit analysis (CBA). 
However, a critical analysis of CBA in the context of infrastructure project planning and design (and in 
particular the evaluation of project alternatives) reveals the following two drawbacks: 1) 
Overemphasizing cost relative to benefits: The use of CBA has been controversial, because it studies 
benefits in the form of a comparison to the costs associated with achieving these benefits. This has been 
criticized for creating a strong presumption that a decision should not be made (or an alternative should 
not be selected) unless its benefits outweigh or justify its costs, and therefore overemphasizing cost as a 
criterion in the assessment and selection of alternatives; 2) Not accounting for the sensitivity of benefit 
assessment to stakeholders’ viewpoints: Benefit assessment is inherently subjective and sensitive to 
stakeholders’ opinions/preferences; i.e. benefit assessment is stakeholder-sensitive. Yet, benefit 
assessment during CBA is, commonly, carried out by analysts as a supposedly neutral, mathematical way 
of determining the benefits of an alternative; thereby not accounting for its sensitivity to stakeholders’ 
viewpoints.  
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As such, four main requirements of a stakeholder-sensitive, sustainability-oriented benefit analysis of 
infrastructure project alternatives were defined: 1) Avoiding overemphasis on cost as a criterion in the 
assessment and selection of project alternatives, 2) Addressing the stakeholder-sensitivity of the analysis 
to account for the fact that each stakeholder benefits differently from an infrastructure project alternative, 
3) Addressing fairness in the distribution of potential benefits among stakeholders, and 4) Incorporating 
sustainability in the benefit analysis, thereby analyzing project alternatives in terms of their collective 
social, environmental, and economic benefits to the stakeholders.  
 
To address the above requirements, this research developed a semantic system for stakeholder-sensitive 
benefit analysis of infrastructure project alternatives to support the development of sustainable civil 
infrastructure systems. First, a decision-making analysis method for stakeholder-sensitive, sustainability-
oriented benefit analysis of infrastructure project alternatives was developed. The aim of this method is to 
provide a systematic way for analyzing project alternatives in terms of their collective social, 
environmental, and economic benefits to the stakeholders. The method evaluates infrastructure project 
alternatives based on a proposed sustainable construction social welfare function (SC-SWF). The SC-
SWF is a measure of the collective benefits to all stakeholders. Second, an ontology for stakeholder 
involvement during infrastructure project planning and design (SI-Onto) was developed. The aim of this 
ontology is to provide a semantic representation of the proposed analysis method in the form of an 
ontological model. Third, the decision-making analysis method and the SI-Onto were implemented into a 
prototype software. The aim of the prototype software is to provide a tool for conducting a stakeholder-
sensitive, sustainability-oriented benefit analysis of infrastructure project alternatives in an automated 
manner. The research results were evaluated using several test cases and two case studies of 
transportation projects.  
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CHAPTER 1:  INTRODUCTION 
1.1 Motivation 
1.1.1 Stakeholder Involvement in Infrastructure Project Planning and Design: Current Gaps 
In recent years, state Departments of Transportation (DOTs) have placed emphasis on enhancing 
communication among project stakeholders. It has been acknowledged that one key element of a project is 
stakeholder involvement. Successful partnerships with stakeholders have “become key elements that can 
either hinder a project from advancing or stimulate a project to be accelerated” (NCHRP 2010). As such, 
failure to successfully involve the stakeholders of an infrastructure project in its planning and design can 
drive the failure of the entire project. Unsuccessful stakeholder involvement efforts may be attributed to 
four main gaps in the current process: 
• Time of Stakeholder Involvement: Stakeholders are not involved early enough in the project lifecycle. 
For example, a study conducted by the United States General Accounting Office (USGAO) shows 
that the majority of environmental stakeholders (defined in the study as stakeholders with primary 
responsibilities for environmental and historical preservation issues) believe that state DOTs do not 
involve important stakeholders early enough in the process (USGAO 2003). This is largely because 
current laws and regulations do not require state DOTs to involve stakeholders until they decide on 
the most feasible alternatives, in most cases two or three, and only then are the alternatives made 
available for public consultation (USGAO 2003). Failure to involve stakeholders in the early stages of 
project planning and design may lead to decisions being challenged and questioned afterwards and 
possibly overruled at later stages of the project. Early involvement of stakeholders in the project life 
cycle, on the other hand, will provide an opportunity for resolving potential conflicts in the early 
phases of the project, as part of initial planning and preliminary alternative development, thereby 
reducing the risk of these conflicts growing into major stakeholder opposition. Involving stakeholders 
early and continuously throughout the entire project development process (from initial screening of 
design concepts through alternative studies to construction, and even beyond project completion) 
would result in developing projects that meet stakeholders’ values and interests and would strongly 
showcase maintained commitment to communities (NCHRP 2002, DOT&PF 2008). 
• Depth of Stakeholder Involvement: Stakeholders are not adequately and actively involved in 
generating project alternatives. However, “stakeholders desire active involvement in the development 
process,” including in-depth understanding of design information and criteria, as well as in-depth 
participation in the decision-making process. Stakeholders, particularly, “demand high levels of detail 
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for their areas of concern, regardless of the project development stage” (NCHRP 2002). Reaching 
effective in-depth involvement by stakeholders requires an effective two-way communication process 
between public consultation staff and stakeholders. For example, it would be constructive to engage 
non-technical stakeholders in informational or educational processes about the design and its physical 
and operational characteristics to ensure their ability to provide well-informed input. Similarly, it 
would be important to accurately capture stakeholder ideas, comments, and proposals; translate those 
into technical design features and solutions; and incorporate them into different alternatives (El-
Gohary et al. 2006). However, “a challenge to technical staff is to translate an idea or concept 
proposed by the public or a stakeholder into a technically feasible alternative” (NCHRP 2002). In-
depth stakeholder involvement would increase the likelihood of wider and stronger stakeholder 
support for the project and would result in a project design that meets stakeholders’ values. 
• Transparency and Systematicness in Decision-Making: There is a lack of transparent and systematic 
methods for involving stakeholders and accordingly analyzing the different project alternatives. 
According to the Washington D.C. Metropolitan Planning Organization, the main problem existing 
with stakeholder involvement is the fact that there is no standard way of conducting it, only “trial and 
error” (Sen 2008). In the absence of predefined, systematic methods for involving stakeholders, 
incorporating their input in the decision-making process, and analyzing the alternatives, transparency 
is lost. Stakeholders become skeptical when there is no transparency in the decision-making process; 
and in turn, tend to believe that the decisions have been made a priori (i.e. before they were involved) 
(El-Gohary et al. 2006, Carr 2011, Voinov and Bousquet 2010).  Not only that, but in the absence of 
pre-defined, systematic analysis methods, a group of stakeholders may “twist” the process by 
attempting to structure the analysis criteria to lead to the selection of their perceived, preferred 
alternative (NCHRP 2002). A perceived preference – identified based on impression rather than 
proper analysis – might in fact, not reflect the actual values and needs of the stakeholders; ultimately 
leading to stakeholder dissatisfaction. Ensuring transparency and systematicness in the process prior 
to final decision taking is, thus, a key to the success of stakeholder involvement (Schwartz 2006). 
• Method of Alternative Analysis (Impact Assessment vs. Benefit Assessment): In the context of 
infrastructure planning and design, impact assessment has been utilized in the evaluation of 
alternatives without incorporating benefit assessment as a major criterion in the analysis (Weisbrod 
and Reno 2009). Thus, the focus has been on reducing the negative impacts of infrastructure 
development without adequate consideration of how to increase the collective benefits to the 
stakeholders. There is a substantial difference between impacts and benefits. Impacts are the changes 
or effects resulting from constructing or operating an infrastructure system. These impacts can be 
interpreted positively or negatively by stakeholders. A benefit is an impact that has been interpreted 
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positively by a stakeholder (Hoog 2002). Thus, an impact might be seen as a neutral measure, while a 
benefit as a stakeholder-sensitive measure. As such, a benefit is defined, in this paper, as a result of an 
impact that has been interpreted by one or more stakeholders as a monetary or non-monetary gain, 
improvement, or advantage. For example, adding a transit lane to a transportation system would result 
in ‘enhanced transit service’. ‘Enhanced transit service’ is an impact, but how the result of this impact 
is interpreted depends on the stakeholder’s viewpoint and preferences. A transit rider would interpret 
the result of this impact as a benefit, while a motor vehicle user might not see it as a benefit. Benefit-
centric assessment of infrastructure project alternatives would focus on analyzing alternatives in terms 
of the benefits to the stakeholders, ultimately leading to the design of projects that maximize the 
collective benefits to those stakeholders. 
 
The four gaps listed above indicate the need for improving the stakeholder involvement process. A 
process that engages stakeholders actively and early, as well as uses transparent, systematic, and benefit-
centric decision-making methods for conducting stakeholder-centric analysis of project alternatives is a 
necessity.  
1.1.2 The Need for Stakeholder-Sensitive Benefit Analysis 
As discussed above, there is a need for benefit-focused analysis of project alternatives. The idea of 
conducting some form of benefit analysis to compare alternatives is not new. Benefit assessment has been 
incorporated in the analysis of projects, in the form of cost-benefit analysis, especially after Presidential 
Executive Order 12866 in the year 1993, which calls for “benefits justify costs” (Pearce et. al. 2006). 
Cost-benefit analysis (CBA) is a tool that is used to compare benefits of project alternatives against their 
costs. The alternative that has the lowest cost-benefit ratio is typically seen as the most cost-effective 
alternative. However, a critical analysis of CBA in the context of infrastructure project planning and 
design (and particularly evaluation of project alternatives) reveals the following two drawbacks:  
• Overemphasizing Cost Relative to Benefits: The use of CBA has been controversial, because it 
studies benefits in the form of a comparison of the costs associated with achieving these benefits. This 
has been criticized for creating a strong presumption that a decision should not be made (or an 
alternative should not be selected) unless its benefits outweigh or justify its costs, and therefore 
overemphasizing cost as a criterion in the assessment and the selection of alternatives (Kelman 1981, 
Moore 1995, Dell’Isola and Kirk 2003). This is particularly true when considering environmental, 
health, and safety benefits. In some instances, the ‘right’ decision might be to select an alternative 
despite the fact that its benefits do not outweigh its costs. For example, an alternative that would 
result in increased public safety might be selected, although it is less cost-effective in comparison to 
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another alternative that would not lead to enhanced public safety. In this thesis, a relative cost 
advantage is considered as a cost saving benefit and hence an overemphasis of costs relative to 
benefits is avoided. For example, if the initial costs of Project A and Project B are $2.5M and $3.0M, 
respectively, then Project A has an ‘initial cost saving benefit’ of $0.5M.  
• Not Accounting for the Sensitivity of Benefit Assessment to Stakeholders’ Viewpoints: According to 
the author’s introduced definition, a benefit is a result of an impact that has been interpreted by one or 
more stakeholders as a monetary or non-monetary gain, improvement, or advantage. In that sense, 
benefit assessment is inherently subjective and sensitive to stakeholders’ opinions/preferences; i.e. 
benefit assessment is stakeholder-sensitive. Yet, benefit assessment during cost-benefit analysis is, 
commonly, carried out by analysts as a supposedly neutral mathematical way of determining the 
benefits of an alternative; thereby not accounting for its sensitivity to stakeholders’ viewpoints. As 
such, there is a need for a stakeholder-sensitive type of analysis that addresses the fact that each 
stakeholder benefits differently from an infrastructure project alternative (Utomo and Idrus 2010, 
Wanyama and Far 2007, Mokorosi 2007). In this thesis, the author proposes to incorporate 
stakeholders’ preferences as a variable in the assessment of project benefits.  
 
Given the need for a stakeholder-sensitive benefit analysis of infrastructure project alternatives to support 
the development of sustainable civil infrastructure systems, two main additional requirements for such 
analysis are further defined:   
• Fairness in Benefit Distribution/Analysis: All stakeholders should have equal input in the design and 
selection of project alternatives. Given that different stakeholders benefit differently from a project 
alternative, ideally, benefits to each stakeholder should be equally considered in the alternative 
evaluation process. The distribution of benefits among stakeholders is a requirement that must be met 
in order to satisfy project stakeholders (Mokorosi 2007). On way to maximize the collective benefits 
of all the stakeholders is to achieve a social maximum derived from individual needs through a fair 
distribution of benefits.  
• Benefit Analysis from a Sustainability Perspective: There is a need to address sustainability in 
stakeholder-sensitive benefit analysis. There are several existing viewpoints of what sustainability is 
and what it aims at achieving. For example, sustainability can be addressed in the form of the triple-
bottom dimension – a balance between the economic, social, and environmental benefits of a project. 
Sustainability can also be viewed as an equity commitment between present and future generations, in 
terms of a fair distribution of benefits between present and future generations (Padilla 2002, Farzin 
2010). Infrastructure projects that are built today have an effect on future generations (discussed in 
further detail in Section 4.3.3). For example, using up natural resources today will decrease the 
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amount of resources available to future generations. Since future generations are morally entitled to 
the benefits that are provided by the environment, fair allocation of welfare/benefits among 
generations should be considered (Howarth 2007). It is important to incorporate various sustainability 
aspects in the evaluation of transportation project alternatives. 
1.2 Problem Statement 
There is a need for a stakeholder-sensitive benefit analysis of infrastructure project alternatives to support 
the development of sustainable civil infrastructure systems. As such, there is a need for decision-making 
support methods that: 
• Involve stakeholders early in the project lifecycle: Stakeholders are not involved early enough in the 
project lifecycle.  
• Involve stakeholders actively in the decision-making process: Stakeholders are not adequately and 
actively involved in generating project alternatives. 
• Provide transparent, systematic methods of analysis: There is a lack of transparent, systematic 
methods for conducting stakeholder involvement and accordingly analyzing the different project 
alternatives. 
• Focus on analyzing alternatives in terms of the benefits to the stakeholders, ultimately leading to the 
design of projects that maximize the collective benefits to those stakeholders:  In the context of 
infrastructure planning and design, the focus has been on reducing the negative impacts of 
infrastructure development without adequate consideration of how to increase the collective benefits 
to the stakeholders. Such benefit-focused analysis needs to: 
• Avoid overemphasizing cost as a criterion in the assessment and selection of project alternatives.  
• Be stakeholder-sensitive to addresses the fact that each stakeholder benefits differently from an 
infrastructure project alternative.  
• Address fairness in the distribution of potential benefits among stakeholders. 
• Incorporate sustainability in the benefit analysis, thereby analyzing project alternatives in terms of 
their collective social, environmental, and economic benefits to the stakeholders.  
1.3 Objectives 
The goal of this research is to develop a semantic system for stakeholder-sensitive benefit analysis of 
infrastructure project alternatives to support the development of sustainable civil infrastructure systems. 
Accordingly, the objectives of this research are: 
1. Developing a decision-making analysis method for stakeholder-sensitive, sustainability-oriented 
benefit analysis of infrastructure project alternatives. The aim of this methodology is to provide a 
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systematic way for analyzing project alternatives in terms of their collective social, environmental, 
and economic benefits to the stakeholders.  
2. Establishing an ontology for stakeholder involvement during infrastructure project planning and 
design. An ontology “models information and knowledge in the form of concept hierarchies 
(taxonomies), interrelationships between concepts, and axioms” (El-Gohary and El-Diraby 2010). The 
aim of this ontology is to provide a semantic representation of the proposed analysis method in the 
form of an ontological model. The semantic representation will facilitate (El-Gohary and El-Diraby 
2010): a) interoperability with other models or software systems, b) provision of a structured, 
extendable, and flexible format to facilitate future evolution and extension of the model, and c) 
development of semantic (and thus intelligent) software applications based on the model.  
3. Implementing the decision-making analysis method and the ontology into a prototype software. The 
aim of the prototype software is to provide a tool for conducting a stakeholder-sensitive, 
sustainability-oriented benefit analysis of infrastructure project alternatives in an automated manner. 
1.4 Thesis Organization 
The thesis is organized into eight chapters: 
• Chapter 1 provides a brief introduction of the thesis. It covers the research motivation, problem 
statement, and objectives. 
• Chapter 2 presents a literature review. The review covers social welfare analyses, indicators, and 
measures; and benefits of transportation projects.  
• Chapter 3 addresses the methodology for the research. It covers the methodologies for the 
development of the decision-making analysis method for stakeholder-sensitive, sustainability-oriented 
benefit analysis of infrastructure project alternatives, the ontology for stakeholder involvement during 
infrastructure project planning and design, and the prototype software. 
• Chapter 4 presents the proposed decision-making analysis method for stakeholder-sensitive, 
sustainability-oriented benefit analysis of infrastructure project alternatives and discusses the 
proposed sustainable construction social welfare function (SC-SWF). 
• Chapter 5 discusses the Stakeholder Involvement Ontology (SI-Onto). 
• Chapter 6 presents the prototype software developed for automatically conducting stakeholder-
sensitive, sustainability-oriented benefit analysis of infrastructure project alternatives based on the 
proposed decision-making analysis method and the SI-Onto. 
• Chapter 7 addresses the evaluation of the decision-making analysis method for stakeholder-sensitive, 
sustainability-oriented benefit analysis of infrastructure project alternatives, the SI-Onto, and the 
prototype software developed. The chapter also covers two case studies.  
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• Chapter 8 concludes the research by providing a summary and recommendations for future research.  
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CHAPTER 2: LITERATURE REVIEW 
2.1 Social Welfare Functions and Welfare Economics Indicators 
An area of economics that deals with problems of fairness and inequality in the allocation of resources, 
goods, or wealth is called welfare economics. Welfare economics evaluates the well-being of a society as 
a whole by assessing different material requisites of well-being such as income. A central problem that 
welfare economics deals with is trying to achieve a social maximum derived from individual needs 
(Arrow 1963). A measure that aims to solve the problem of achieving this social maximum is called a 
Social Welfare Function (SWF). A SWF is a means to analyze the welfare of different states and find out 
the state with the highest social welfare (Arrow 1963). It is a relation between the collective welfare of a 
group and the welfare of the individuals who make up that group (Barr 1998). When assessing the social 
welfare of a society using a SWF, income is commonly used as the main indicator of well-being. In that 
case, the variable that is considered to affect the welfare of the society (i.e. the input to the SWF) is the 
income of individuals in different states (alternative distribution of incomes in the society).  
2.1.1 Analytical Review of Existing Social Welfare Functions 
There are many social welfare functions (SWFs) that have been proposed to measure the social welfare of 
a group. The utilitarian SWF, on one hand, measures social welfare as the mean income of individuals in a 
group. On the other hand, a Rawlsian SWF measures social welfare as the income of the least well-off 
individual in the group (Bellu 2006). There are many SWFs that lie in the middle of the spectrum between 
the Utilitarian SWF and Rawlsian SWF, such as Sen’s SWF. A sample of these functions is briefly 
presented and analyzed in Table 1, where N is the number of individuals and !!  is the income of 
individual i. 
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Table 1: Types of Social Welfare Functions 
SWF Formula Remarks and Gaps 
Utilitarian 
(Bellu 2006) ! =    1! !!!!!!  • Social welfare equals to un-weighted average of individual incomes of a group 
• Does not account for inequality in distribution 
(zero inequality aversion)  
Rawlsian 
(Sen 1992) 
! =   !"#(!!) • Social welfare equals to the income of the 
individual with the lowest income in the 
group 
• Only accounts for the lowest income of the 
individuals in a group. Does not account for 
other factors, such as the mean income of the 
group (infinite inequality aversion)  
Sen 
(Sen 1997) ! = 1! !!!!!! ×  (1  –!) • G is the Gini coefficient. • Accounts for both average income (the first 
half of the equation) and inequality (in the 
form of 1 minus the Gini coefficient)  
• In many cases, places more emphasis on 
average income than inequality. 
Sen 
Modified 
(Mukhopadhaya 2001) 
! =      1! !!!!!!
!
×  (1  –!) 
• Accounts for both average income (the first 
half of the equation) and inequality (in the 
form of 1 minus the Gini coefficient). 
• β is a factor added to decrease emphasis on 
the average income  
Foster 
(Sen 1997) ! =    1! !!!!!!   ×  !!!! 	   • Accounts for both average income (the first half of the equation) and inequality in the 
form of the Theil’s second measure (TL) (or 
mean logarithmic deviation) (Sen 1997). 
 
The Utilitarian SWF calculates the social welfare of a group as either the un-weighted mean welfare (e.g. 
mean income) or the un-weighted sum of the individuals in that group (Bellu 2006, Sen 1997). As such, it 
does not take into account the inequality in the distribution of welfare (e.g. income) among individuals. 
With a Utilitarian SWF, any growth in the total (or mean) welfare results in an increased social welfare 
irrespective of who the beneficiary is. For example, an income distribution that makes the rich much 
better off and the poor even poorer is considered an improvement by a Utalitarian SWF as long as the 
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total (or mean) income is increased. A Rawlsian SWF, on the other hand, defines the social welfare of a 
group as the minimum individual welfare in the group (e.g. lowest individual income). As such, a 
Rawlsian SWF places no emphasis on equality in the distribution of welfare as long as the well-being of 
the worst-off in the group is improved. For example, an income distribution that makes the rich much 
better off, the near poor much worse off, and gives one cent to the poorest person is considered an 
improvement by a Rawlsian SWF (Bellu 2006).  
 
Sen’s SWF uses the Gini coefficient - a measure of inequality (the Gini coefficient is further described in 
the following paragraphs). Sen’s SWF is calculated as the mean welfare of a group multiplied by an 
inequality factor (1 minus the Gini coefficient of the welfare distribution) (Sen 1997). However, the 
function is highly sensitive to mean welfare and less sensitive to inequality; it tends to favor states where 
the mean welfare is higher than the distribution of welfare (Mukhopadhaya 2001). To address this issue, a 
modified version of Sen’s SWF was developed to make the function more general and flexible. In Sen’s 
modified SWF, a factor, β, is added to decrease the influence of the mean welfare on the outcome. β 
ranges between 0 and 1, and when equals to 1, Sen’s modified SWF becomes Sen’s original SWF. As β 
decreases, less emphasis is placed on the mean welfare. Clearly, this modified function has an advantage 
over Sen’s original SWF, because it allows some flexibility with respect to the trade-off between high 
mean values and equality in distribution through the choice of β. If equality is more important, then a low 
value of β will be chosen; and on the contrary, if a high mean value is more important, then a high value 
of β will be selected (Mukhopadhaya 2001). Similar to Sen’s and Sen’s modified SWFs, the Foster’s SWF 
incorporates, both, mean welfare and distribution of welfare in the assessment of social welfare. The 
difference is that Foster’s SWF uses the Theil’s second measure, or the mean logarithmic deviation, to 
measure the inequality of distribution, rather than the Gini coefficient. Theil’s mean logarithmic deviation 
is an inequality entropy measure. It measures the difference between the current state of welfare and the 
perfect equality state where every individual has the same exact welfare. Theil’s mean logarithmic 
deviation is equal to 0 when welfares among individuals are perfectly distributed and increases as 
inequality increases (Sen 1997). 
2.1.2 Measures of Inequality 
Inequality of welfare (e.g. wealth, income, benefit) is characterized by the differences in welfare between 
groups (Barr 1998). There are many ways of measuring inequality, the commonly used measure being the 
Gini coefficient, which is incorporated in Sen’s SWF. The Gini coefficient is a measure of the inequality 
of a distribution that ranges between 0 and 1. It is 0 when the welfare (or income) is distributed perfectly 
equally between a set of individuals, and 1 when only one individual holds all the welfare of the group. 
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The Gini coefficient is measured by dividing different areas on the Lorenz curve of a group. A Lorenz 
curve is a curve that plots the cumulative income of a group versus the percentage of the population 
(Cowell 2003). A point on the curve shows what percentage of the population share how much percentage 
of the total income. For example, in Fig. 1 (Barr 1998), point a shows that the bottom 40 percent of 
individuals in this group share around 17 percent of the total income. The Gini coefficient is calculated by 
dividing the area between the Lorenz curve and the line of complete equality (depicted in Fig.1 as the 
shaded area X) by the total area under the line of complete equality (depicted in Fig. 1 as the sum of areas 
X and Y, or the area of triangle AOB).  
    G = Area X / Area (X+Y) 
The further away the Lorenz curve is from the line of complete equality, the greater the degree of 
inequality, and consequently, the higher the Gini coefficient (Cowell 2003). The Gini coefficient is 
independent of the absolute level of income and compares each individual’s income with all the other 
individuals’ incomes instead of the mean value. This makes it a powerful tool that is used frequently to 
measure the income inequalities of different countries.  
 
Figure 1: Lorenz curve (Bar 1998) 
2.1.3 Poverty versus Inequality of Distribution 
When looking at the above-discussed SWFs (Table 1), we can see that a growth in individual/total welfare 
(e.g. income) can be associated with an increase of inequalities in welfare distribution; and vice versa, i.e., 
an increased equality can be achieved at the expense of a decrease in welfare values. For example, we can 
increase equality (or even achieve perfect equality) by making everybody ‘poor.’ As such, there exists a 
close connection between poverty and inequality, but yet each is a distinct measure. In order to identify 
poverty, a cut-off poverty line (called poverty line) has to be set, where any individual below the poverty 
line is identified as “poor” (Sen 1992). Measuring inequality involves studying the distribution between 
individuals in the group and is relative to the values of welfare (e.g. values of income) of these 
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individuals. However, it does not measure or consider poverty. For example, a group of individuals can 
have an income profile that is perfectly equal (all of them earn the same income), yet all of them are 
below the poverty line (the income they earn is below the cut-off poverty line). As such, if a SWF is 
averse to inequality, then the total amount of income in the more equal distribution might be less than that 
in the unequal distribution.  
 
A commonly-used way of calculating poverty is dividing the number of people below the poverty line by 
the total population being studied. This is known as the “head-count ratio.”  The head-count ratio does not 
take into account how far individuals are from the poverty line (i.e. the extent of how poor they are 
compared to the set poverty line) or the distribution of income (how income is distributed between people 
right below the poverty line and people much poorer). Another poverty measure that takes into account 
the depth of poverty is the total poverty gap. The total poverty gap is the total income needed to raise 
every poor person (i.e. below the line) to the poverty line (i.e. eliminating poverty). The total poverty gap 
is only a measure of the depth of poverty, and does not express the number of poor people or the 
inequality in the distribution of income among them. The poverty gap index is a measure of poverty that is 
equal to the average shortfall of poor people from the poverty line. The income gap ratio is the average 
shortfall of the poor people from the poverty line as a share of the poverty line value (i.e. the average 
shortfall of poor people from the poverty line divided by the pre-set poverty line income value). Like the 
total poverty gap, both the poverty gap index and the income gap ratio take into account the extent of 
poorness among the people below the poverty line but do not address the number of poor people in the 
population or the inequality in distribution of income among them. As a result, Sen proposed a measure of 
poverty – known as the S measure – that eliminates these shortcomings (Sen 1992): 
S = H [I + (1 – I) GP] 
H is the head count ratio of the population being studied, and I is the “poverty gap index.” GP is the Gini 
coefficient of only the poor people in the population. The S measure combines two of the existing poverty 
measures and the Gini coefficient in order to account for the depth of poverty (using the poverty gap 
index), the number of people below the poverty line (the head count ratio), and the distribution of income 
among the poor people (using the Gini coefficient of the poor people). Table 2 provides a summary of the 
above-mentioned poverty measures, where z is the defined poverty line income value, q the number of 
people with incomes below the poverty line, and N being the total number of individuals (Sen 1997).  
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Table 2: Poverty Measures 
Poverty 
Measure 
Formula Remarks and Gaps 
Head-count 
Ratio 
(Sen 1997) 
! = !/! • Poverty is the percentage of people below the poverty line 
• This ratio does not take into account the depth and distribution 
of the poverty of individuals. 
Total 
Poverty Gap (Sen	  1997) !"# =    (! − !!)
!
!!! 	   • !! 	  is	  the	  income	  of	  individual	  i.	  • TPG	  is	   the	  total	   income	  needed	  to	  raise	  every	  poor	  person	  to	  the	  poverty	  line.	  
• It	  is	  a	  measure	  of	  only	  the	  depth	  of	  poverty,	  not	  the	  number	  of	  poor	  people	  or	  the	  inequality	  among	  them.	  
Poverty Gap 
Index (Sen	  1997) 
! = !"#!  	  
• This	  measures	  the	  average	  shortfall	  of	  poor	  people	  from	  the	  poverty	  line.	  
• It	  is	  a	  measure	  of	  only	  the	  depth	  of	  poverty,	  not	  the	  number	  of	  poor	  people	  or	  the	  inequality	  among	  them.	  
Income Gap 
Ratio (Sen	  1997) 
! = ! −   !!!  • !! is the mean income of the poor population • This ratio reflects the average shortfall of the incomes of the 
poor people as a share of the poverty line value. 
• Does not specify how many people are poor and problems of 
the distribution of income. 
S Measure (Sen	  1992) ! = ![! + (1– !)!!] • Gp is the Gini coefficient of only the poor people in the population. 
• This measure takes into account the depth of poverty, the 
number of people below the poverty line, and the distribution 
of income among the poor people. 
 
2.2 Benefits of Transportation Projects 
2.2.1 Fundamentals of Benefit Analysis 
When conducting benefit analysis, it is vital to include lifecycle values, discount future benefits, and 
include non-monetary benefits. Identifying life cycle values is essential when calculating costs or benefits 
for any construction project. Unlike calculating the costs of a project based on the initial cost, life cycle 
costing considers all the significant costs of the project’s economic life as well as the initial costs, and 
calculates them in equivalent dollars (Dell’Isola and Kirk 2003). 
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Having a certain amount of money now is not the same as having it at a future time. This phenomenon of 
the changing value of money with time is called the ‘time value of money.’ In order to find out the value 
of future costs or benefits in today’s dollars, a discount rate has to be used.  The discount rate is defined as 
the opportunity cost of having the benefits today as opposed to a later date. If inflation is factored into that 
rate, it becomes known as the nominal discount rate (National Research Council 1991). To discount a 
future amount of money to the present, the following equation is used: 
    P = F / (1+i)n 
In the above equation, P is the present value of money, F is the future amount of money, i is the discount 
rate calculated, and n is the number of periods of discounting. Discounting can be done as frequently as 
continuous discounting or as few as once a year (i.e. discount periods can range from one second to one 
year). 
 
There are many different techniques of calculating the discount rate of a project. The techniques used for 
calculating the discount rate are: 
• The current market interest rate of borrowing money (Dell’Isola and Kirk 2003).    
• The minimum attractive rate of return, which is the minimum return a firm is looking to get back 
on investment (usually used for the private sector) (Dell’Isola and Kirk 2003).   
• The Social Rate of Time Preference (SRTP), which measures how much a society would be 
willing to postpone a current consumption for a future consumption.   
• The Marginal Social Opportunity Cost of Capital (SOC), which is approximated by the marginal 
pretax rate of return on risk-free private investments (Zhuang et. al. 2007).   
• The nominal interest rate from treasury bonds with a maturity comparable to the project span, 
which is the discount rate used by the United States Congressional Budget Office and the United 
States General Accounting Office and which usually ranges from 2.3% for a 3-year project to 
4.5% for a 30-year project.   
The choice of which method to use for the discount rate is based on the nature of the project and the 
project objectives. 
 
Benefits are usually more difficult to quantify than costs because they do not easily have dollar amounts 
associated with them. Some benefits can be calculated as reductions in cost or resource savings, but many 
benefits are even harder to quantify. Examples of these are the visual appeal of building one alternative 
over another, or the cultural preservation achieved by one alternative over the other. These are known as 
non-monetary benefits. In public sector projects, only minimum requirements of non-monetary benefits 
 15 
are considered, and the lowest life cycle cost is the main criterion that is taken into account when selecting 
a project alternative (Dell’Isola and Kirk 2003). 
2.2.2 Benefits of Transportation Projects in Literature 
Many benefits result (or are expected to result) from the construction of a transportation project. Various 
researchers and organizations identified different benefits. A survey of the literature on the benefits of 
transportation projects is summarized in Table 3. The benefits are divided into three main categories 
(economic, social, and environmental benefits) for illustrative reasons. The main purpose of this exact 
categorization of benefits will be explained in Chapter 5. The purpose of the extensive literature review 
conducted on the benefits of transportation projects is to create a complete hierarchy of benefits for 
transportation projects for the methodology proposed in Chapters 4 and 5. As shown in Table 3, most 
references discuss a subset of the benefits of transportation projects, but none are completely 
comprehensive. 
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Table 3: Summary of the Benefits of Transportation Projects in Literature 
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Economic	  Benefit	   	   	   	   	   	   	   	   	   	   	   	   	   	  Financial	  Benefit	   	   	   	   	   	   	   	   	   	   	   	   	   	  Project	  Cost	  Saving	   	   	   	   	   	   	   	   	   	   	   	   	   	  Initial	  Cost	  Saving	   X	   	   X	   	   	   	   X	   X	   	   	   	   	   X	  Operation,	  Maintenance	  &	  Repair	  Cost	  Saving	   X	   	   X	   	   	   	   X	   X	   	   	   	   	   X	  Financing,	  Tax,	  Replacement	  &	  Salvage	  Cost	  Saving	   X	   	   X	   	   	   	   	   X	   	   	   	   	   X	  User	  Financial	  Benefit	   	   	   	   	   	   	   	   	   	   	   	   	   	  User	  Travel	  Time	  Saving	   X	   	   	   X	   X	   X	   	   X	   	   X	   X	   	   X	  User	  Vehicle	  Cost	  Saving	   X	   	   	   X	   X	   X	   X	   X	   	   X	   X	   	   X	  Economic	  Improvement	   	   	   	   	   	   	   	   	   	   	   	   	   	  Microeconomic	  Improvement	   	   	   	   	   	   	   	   	   	   	   	   	   	  Business	  Improvement	   	   	   	   	   	   	   	   	   	   	   	   	   	  Increased	  Accessibility	  to	  Business	   	   	   	   X	   	   X	   	   	   	   X	   	   X	   X	  
Decreased	  Business	  Operating	  Expense	   	   	   	   X	   X	   X	   X	   X	   	   X	   	   	   X	  Decreased	  Economic	  Traffic	  Congestion	  Loss	   	   	   	   X	   X	   X	   X	   	   	   X	   	   	   X	  Increased	  Household	  Affordability	   	   	   	   	   	   	   	   	   	   	   	   	   	  Increased	  Transportation	  Affordability	   	   	   X	   	   X	   X	   	   	   	   X	   	   	   X	  Increased	  Housing	  Affordability	   	   	   	   X	   X	   X	   	   	   	   X	   	   	   X	  Macroeconomic	  Improvement	   	   	   	   	   	   	   	   	   	   	   	   	   	  Employment	  Benefit	   	   	   X	   X	   X	   	   	   X	   	   	   X	   	   X	  
Asset	  Appreciation	   	   	   	   	   X	   X	   	   X	   	   	   	   	   X	  Trade	  Benefit	   	   	   	   	   	   	   	   	   X	   	   	   	   X	  Social	  Benefit	   	   	   	   	   	   	   	   	   	   	   	   	   	  Health	  &	  Safety	  Benefit	   	   	   	   	   	   	   	   	   	   	   	   	   	  Accident	  Reduction	   X	   	   	   	   X	   X	   X	   X	   	   X	   X	   	   X	  Promoting	  Active	  Transportation	   	   	   X	   	   	   X	   	   	   	   	   X	   	   X	  Reduced	  Emission-­‐Induced	  Mortality	  Risk	   X	   X	   X	   X	   X	   X	   	   	   	   X	   	   	   X	  Reduced	  Emission-­‐Induced	  Morbidity	  Risk	   X	   X	   X	   X	   	   X	   	   	   	   	   X	   	   X	  Cultural	  &	  Community	  Benefit	   	   	   	   	   	   	   	   	   	   	   	   	   	  Cultural	  Resource	  Preservation	   	   	   X	   X	   	   	   	   	   	   	   	   	   X	  Improved	  Accessibility	  to	  Cultural	  Sites	   	   	   	   	   	   X	   	   	   	   X	   	   X	   X	  Visual	  Enhancement	   	   X	   X	   X	   	   	   X	   	   	   	   	   	   X	  Promoting	  Cultural	  Heritage	   	   	   	   X	   	   	   	   	   	   	   	   	   X	  Increased	  Community	  Cohesion	   	   	   X	   X	   	   X	   	   	   	   X	   X	   	   X	  Accessibility	  &	  Mobility	   	   	   	   	   	   	   	   	   	   	   	   	   	  Increased	  Accessibility	  to	  Education	   	   	   X	   	   X	   X	   	   	   	   X	   	   X	   X	  Increased	  Accessibility	  to	  Healthcare	   	   	   	   	   	   X	   	   	   	   	   X	   X	   X	  Increased	  Accessibility	  to	  Retail	   	   	   	   	   	   X	   	   	   	   	   	   X	   X	  Increased	  Accessibility	  to	  Recreational	  Facilities	   	   	   	   	   	   X	   	   	   	   X	   	   X	   X	  Increased	  Accessibility	  to	  Childcare	   	   	   	   	   	   	   	   	   	   	   X	   X	   X	  Increased	  Basic	  Mobility	   	   	   	   	   	   X	   	   	   	   	   	   X	   X	  Environmental	  Benefit	   	   	   	   	   	   	   	   	   	   	   	   	   	  
Resource	  Conservation	   	   	   	   	   	   	   	   	   	   	   	   	   	  Natural	  Resource	  Conservation	   	   X	   X	   X	   	   	   X	   	   	   	   	   	   X	  Energy	  Conservation	   	   X	   X	   	   X	   X	   	   	   	   X	   	   	   X	  Water	  Conservation	   X	   X	   X	   	   X	   	   	   	   	   	   	   	   X	  Reduced	  Pollution	   	   	   	   	   	   	   	   	   	   	   	   	   	  Reduced	  Noise	  Pollution	   X	   X	   	   X	   X	   X	   X	   X	   	   	   X	   	   X	  Reduced	  Light	  Pollution	   	   X	   	   X	   	   	   	   	   	   	   	   	   X	  Reduced	  Air	  Pollution	   X	   X	   X	   X	   X	   X	   X	   X	   	   X	   X	   	   X	  Reduced	  Water	  Pollution	   	   X	   X	   X	   	   	   X	   X	   	   	   	   	   X	  Ecological	  Preservation	   	   	   	   	   	   	   	   	   	   	   	   	   	  Soil	  Protection	   	   X	   	   X	   	   	   	   	   	   	   	   	   X	  Habitat	  Restoration	   	   X	   X	   X	   	   X	   	   	   	   	   	   	   X	  Wetlands	  Protection	   	   X	   X	   X	   	   	   	   	   	   	   	   	   X	  Ecological	  Enhancement	   	   	   	   	   	   	   	   	   	   	   	   	   	  Improved	  Soil	  Quality	   	   X	   X	   X	   	   	   	   	   	   	   	   	   X	  Provision	  of	  Natural	  Recreation	   	   X	   X	   X	   	   X	   	   	   	   	   	   	   X	  Increased	  Green	  Space	   	   X	   	   	   	   X	   	   	   	   	   	   	   X	  Improved	  Land	  Use	  Pattern	   	   	   	   	   	   X	   	   	   	   	   X	   	   X	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CHAPTER 3: METHODOLOGY 
3.1 Methodology for the Development of the Decision-Making Analysis Method for Stakeholder-
Sensitive, Sustainability-Oriented Benefit Analysis of Infrastructure Project Alternatives 
The decision-making analysis method of stakeholder-sensitive, sustainability-oriented benefit analysis of 
infrastructure project alternatives was developed according to the following methodology: 
• Identifying the problem: The problems pertaining to stakeholder involvement in infrastructure project 
planning and design were identified based on a preliminary literature review of research papers, 
project public records (e.g. Environmental Impact Statements), and project websites (e.g. project 
websites by the Illinois Department of Transportation (IDOT)). Accordingly, a specific, concise 
problem statement was formulated. 
• Conducting detailed literature review: An extensive literature review related to the problem statement 
was conducted. The literature review surveyed: 
• The problems of stakeholder involvement and the need for stakeholder-sensitive benefit analysis. 
• Welfare economics, including a review of existing social welfare functions (SWFs), inequality 
measures, and poverty measures. 
• The benefits of transportation projects, with focus on sustainability-related benefits in terms of 
economical, social, and environmental benefits. 
• Benchmarking existing social welfare functions (SWFs): Existing SWFs were studied and analyzed in 
detail. Relevant SWFs were then benchmarked for the purpose of developing a social welfare function 
that is suitable in the context of stakeholder-sensitive, sustainability-oriented benefit analysis of 
project alternatives. 
• Conducting an iterative process to develop a SWF for sustainable construction: An iterative process 
was conducted to develop a SWF that: 1) addresses fairness in benefit distribution among 
stakeholders, considering inequality and poverty, and 2) analyses benefits from a sustainability 
perspective. In each iteration, a social welfare indicator (e.g. inequality indicator, poverty indicator) 
was incorporated into the SWF; and the modified SWF was used to measure the collective welfare of 
individuals in several hypothetical scenarios. Several iterations were conducted to reach a SWF that 
yields reasonable results in all scenarios.  
• Testing the developed SWF using case studies: In order to test the proposed SWF, two case studies 
were conducted: 
• Hypothetical case study: the hypothetical case study includes different conditions and 
characteristic alternatives that would, typically, be generated for a street improvement project. A 
hypothetical case study was used for illustrating the methodology for the following reasons:  
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• Stakeholder preferences are, typically, not captured for street improvement projects; and thus 
stakeholder preferences data will be unavailable for an actual existing project.  
• The majority of street improvement projects do not examine all the benefits of different 
project alternatives in depth.  
• Real-life case study: The real-life case study aims at illustrating how the methodology would be 
used in a real-life project scenario. The Elgin O’Hare West Bypass project was selected because 
of its relative complexity and the availability of data/information on that project.  
• Analyzing data and drawing conclusions: This step focused on analyzing the data from the testing 
phase and making interim conclusions about the results of using the proposed decision-making 
analysis method in the context of stakeholder-sensitive, sustainability-oriented benefit analysis of 
infrastructure project alternatives. 
3.2 Methodology for the Development of the Ontology for Stakeholder Involvement During 
Infrastructure Project Planning and Design (SI-Onto) 
The SI-Onto was developed according to the following methodology (El-Gohary and El-Diraby 2010): 
• Defining the purpose, intended use, intended users, domain, and scope of the ontology: This step aims 
at answering the following questions:  
• Why is the ontology being developed? 
• Who are the intended users of the ontology? 
• What are the intended uses of the ontology? 
• What is the domain of the ontology? 
• What is the scope of the ontology? 
• Generating competency questions for the ontology: Competency questions are requirements in the 
form of questions that help develop the ontological model. These competency questions are also used 
to evaluate the ontology; the ontology should be able to answer all the competency questions 
generated. 
• Building the taxonomy (hierarchy of concepts): The taxonomy was developed in two iterative steps: 
• Identifying the main concepts in the domain of stakeholder involvement in infrastructure 
development: An extensive literature review of research papers, industry manuals, project public 
records (e.g. Environmental Impact Statements), project websites (e.g. project websites by the 
Illinois Department of Transportation (IDOT)), and books was conducted to extract and identify 
the main concepts in the domain of stakeholder involvement in infrastructure development. 
• Organizing the concepts identified into a hierarchical taxonomy: This was conducted using a 
combination of top-down (identifying the top general classes and breaking them down into lower-
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level subclasses) and bottom-up (identifying the specific lower-level classes and grouping them 
into higher-level classes) approaches. 
• Developing a process model: This step aims at developing the taxonomy into an ontology. This 
process is carried out by modeling the classes and concepts and establishing relations between the 
concepts in the taxonomy. 
• Capturing the ontology by identifying the terms to use to refer to the concepts and relations of the 
ontology and formulating a set of axioms for the ontology. 
• Coding the Ontology: This involves deciding on meta-terms that will be used to represent the 
ontology, selecting the representative language, and writing the code for the ontology. 
• Integrating existing ontologies: The developed ontology (SI-Onto) was integrated into an existing 
ontology, the Infrastructure and Construction PROcess Ontology (IC-PRO-Onto) (El-Gohary and El-
Diraby 2010). 
• Evaluating the ontology through answering competency questions and automated consistency 
checking (further details are discussed in Section 7.1.2). 
• Implementing the ontology in an ontology-based prototype software in order to provide an automated 
and user-friendly platform for performing the processes represented in the SI-Onto. 
• Documenting the ontology: This step includes recording the ontology concepts, definitions, relations 
between concepts, and axioms. 
3.3 Methodology for the Development of the Prototype Software 
The prototype software was developed using the following methodology: 
• Defining the purpose, intended users, intended use, and requirements of the prototype: The purpose, 
intended users, and intended use of the software were defined. Accordingly, a requirement analysis 
was conducted in order to describe the main functions and usability needs of the software.  
• Designing the modules, functions, and interfaces of the prototype: Based on the requirements, a set of 
modules was developed. Each of the modules aims at fulfilling at least one of the requirements of the 
prototype and contains a set of functions. The interfaces were designed in a user-friendly, clear, and 
concise manner to ease the use of the software. 
• Developing the software: The software was developed using Microsoft Excel and Visual Basic.NET 
for easier interface modeling. The software works as a stand-alone executable (.exe) file on Microsoft 
Windows.  
• Testing the software: The software was tested using a set of test cases and a case study. The test cases 
were designed to test the software for reliability.  
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• Prototype software documentation: The prototype was documented by defining the purpose, intended 
users, and intended use of the prototype; the requirements of the prototype; the prototype architecture, 
functions, and interfaces; and the results of its evaluation (using the test cases and the case study). 
 
  
 21 
CHAPTER 4: DECISION-MAKING ANALYSIS METHOD FOR STAKEHOLDER-
SENSITIVE, SUSTAINABILITY-ORIENTED BENEFIT ANALYSIS OF 
INFRASTRUCTURE PROJECT ALTERNATIVES  
4.1 The Need to Incorporate Inequality and Poverty in SWFs 
4.1.1 The Need to Incorporate Inequality in the SWF 
Based on the review of social welfare functions conducted in Section 2.1, it can be concluded that neither 
the Utalitarian SWF nor the Rawlsian SWF provides a ‘good’ measure for the social welfare among 
individuals in a group. For better illustration, Table 4 provides a simplified example. The social welfare of 
two groups (Group A and Group B) is being compared. Each group is composed of 5 individuals, and a 
10-point scale is used to denote the welfare (e.g. income) of each individual in a group. The social welfare 
of Group A is 1 using a Rawlsian SWF and 7.8 using a Utilitarian SWF. Neither of these two functions 
provides a ‘good’ measure of the social welfare of Group A. The welfare of Individual 1 is, obviously, an 
outlier and thus using this minimum individual welfare as a measure of the social welfare of the whole 
group (using the Rawlsian SWF) would be ‘misleading’. On the other hand, the mean value of 7.8 (using 
the Utilitarian SWF) does not reflect the inequality in the distribution of welfare for Group A (where the 
welfare widely ranges between 1 and 10). For Group B, the social welfare is 4 using a Rawlsian SWF and 
7.2 using the Utilitarian SWF. It can be seen that although the welfare is ‘better’ (i.e. more uniformly) 
distributed among the individuals of Group B, in comparison to the individuals of Group A, the Utilitarian 
SWF indicates that Group B has a lower social welfare than Group A. Other SWFs address the above 
shortcomings of both functions by providing a measure that incorporates both the mean welfare and 
distribution of welfare among individuals in a group (e.g. Sen’s SWF, Foster’s SWF).  
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Table 4: Welfare (e.g. Income or Benefit) Profile for Societies A and B 
Individual Welfare of Individuals in Society A 
Welfare of Individuals 
in Society B 
1 1 4 
2 9 6 
3 9 8 
4 10 8 
5 10 10 
 
Although inequality measures effectively assess the disparity in the distribution of welfare among 
individuals, these measures cannot be looked at alone when measuring social welfare (Barr 1998). Take 
for example country M where every person earns $1 a day versus country N where half of the people earn 
$10 a day and the rest earn $90 a day. Country M has a Gini coefficient of 0, while country N has a Gini 
coefficient of 0.4. Although country N has a higher degree of inequality than country M, it is better off 
because its citizens earn more than the citizens of country M. As a result, other measures such as a social 
welfare function, that incorporate the Gini coefficient in addition to other indicators, are needed in order 
to evaluate social welfare as a whole and not only consider inequality. 
4.1.2 The Need to Incorporate Poverty in the SWF 
There is also a need to incorporate poverty in social welfare functions. As discussed earlier, if a SWF is 
averse to inequality, then the total amount of income in the more equal distribution might be less than that 
in the unequal distribution. In this case, the use of the SWF may result in a sacrifice of the total income in 
order to reach equality. This drop in income may be seen as unfair to those who are getting poorer. For 
better illustration, refer to the example in Table 5. The social welfare of a group of stakeholders under two 
states (Alternative A and Alternative B) is being compared. For simplification, the group is composed of 6 
stakeholders and a 100-point scale is used to denote the welfare (benefit) of each stakeholder in the group. 
Using Sen’s modified SWF, the social welfare of the group under Alternative A and Alternative B is 2.81 
and 3.00, respectively. According to these values, Alternative B is more favorable than Alternative A, 
because it offers higher equality in the distribution of benefits; although all stakeholders are worse-off (all 
have less individual benefit). As such, while assessing the welfare of states, inequality cannot exclusively 
represent the fairness or the lack of it in the state. A poverty measure is required, along with an inequality 
measure, in order to analyze the fairness in the distribution of welfare (e.g. benefits) among a group of 
individuals (Sen 1997).  
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Table 5: Welfare (Benefit) Profile for a Group of Stakeholders under Alternatives A and B 
Individual Welfare of Stakeholders Alternative A 
Welfare of Stakeholders 
Alternative B 
1 10 9 
2 10 9 
3 10 9 
4 10 9 
5 50 9 
6 100 9 
 
4.2 The Need for a SWF for Sustainable Construction 
Based on the discussion in Section 2.1, we can generally define a SWF as a measure of the aggregated 
welfare of a group based on the allocation of one or more well-being requisites between the individuals of 
that group. In the context of infrastructure project planning and design, we can argue that we may 
consider the allocation of sustainability benefits (social, environmental, and economic benefits) between 
individual stakeholders as a well-being indicator. As such, in this research, the author proposes to 
benchmark the work done in the areas of welfare economics and SWF to develop a measure for the 
analysis of benefit distribution across stakeholders in the context of sustainable infrastructure system 
planning and design. 
 
As argued in Section 1.1, in the context of sustainable infrastructure system planning and design, fairness 
and sustainability have to be incorporated in the analysis of social welfare. Fairness can be assessed in 
terms of: 1) the inequality in the distribution of benefits among stakeholders, and 2) an indicator of how 
many stakeholders benefit minimally or insufficiently and by what degree (what the author calls ‘poverty 
of benefit’ – analogous to the poverty of income). Sustainability can be defined in terms of several 
dimensions, including: 1) the triple bottom line dimension (balancing social, economic, and 
environmental benefits), 2) the intergenerational time dimension (analyzing benefits from a project to 
both current and future generations), and 3) geographical/spatial dimension (analyzing benefit allocation 
across stakeholders at different geographical/spatial scales, e.g. at the local, state, and federal levels). 
 
In the following sections, a social welfare function, called Sustainable Construction Social Welfare 
Function (SC-SWF), is proposed and discussed. The SC-SWF aims at analyzing the well-being of 
stakeholders in terms of their benefits from the development of infrastructure systems. 
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4.3 The Proposed Sustainable Construction Social Welfare Function (SC-SWF) 
4.3.1 Incorporating ‘Poverty of Benefits’ Dimension of Fairness in the SC-SWF 
In the context of stakeholder-centric benefit analysis of project alternatives using a SWF, so far in this 
research, it is argued that a decision-maker, concerned about the welfare of society in terms of distributing 
the benefits, not only needs to consider equality in the distribution of benefits but  also the reduction of 
‘poverty of benefits’ among stakeholders. However, as discussed above, several existing social welfare 
functions (e.g. those presented in Table 1) deal primarily with inequality, but fail to address poverty 
directly. For example, Sen’s SWF includes the Gini coefficient as a measure of inequality, but does not 
directly use a poverty measure. The Gini coefficient takes into account poverty, but only through welfare 
distribution and not directly through a poverty measure. Atkinson and Brandolini (2010), on the other 
hand, proposed a social welfare that integrates poverty in the following form: For a population of n 
individuals, where !! is the income of the individual i, ! is the set poverty line, and ! is a non-negative 
pure number, the social welfare function is equal to: 
!"# =   1! !! −  !! !   1! max[0, ! −   !! ]
!
!  
This SWF is comprised of two parts: 1) a measure of the central tendency of the welfare of individuals 
(the mean welfare of the population) and 2) a poverty measure, which is subtracted from the mean 
welfare.  ! is a factor that is used to increase emphasis on the poverty part of the equation. Although this 
social welfare function deals with poverty, it does not take into account the inequality in the distribution 
of welfare among individuals.  
 
A new SWF that directly incorporates both inequality and poverty measures is thus proposed in this 
research. The proposed SWF is a modification of Sen’s SWF. It incorporates the mean welfare of the 
population and the inequality in the distribution of welfare among individuals in the population in the 
form of 1 minus the Gini coefficient of the population. To factor in poverty, the second segment of 
Atkinson and Brandolini’s social welfare function is added. The resulting proposed SWF takes the 
following shape: 
!"#$#%&'  !"#! =   1! !!"!!!! ×   1  –!! −   !   1! max[0, !! −   !!" ]
!
!!!  
In the context of stakeholder-centric benefit analysis of project alternatives, the SWF of an alternative is 
calculated based on the benefits to individual stakeholders from that alternative. As such, !!" is the benefit 
of constructing alternative k to stakeholder i, !! is the Gini coefficient of alternative k, and !! is the 
‘benefit poverty line’ set for alternative k. A controversial question that may be raised, thus, is how to 
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define or set the benefit poverty line; because unlike income poverty, there is no pre-set benefit poverty 
line. In this regard, a percentage of the mean benefit value to individuals is proposed as the set benefit 
poverty line (i.e. !! = ! !! !!" , where !   ∈ [0,1]). Accordingly, the equation of the proposed SWF is 
re-written as follows:  
!"#$#%&'  !"#! =   1! !!"!!!! ×   1  –!! −   !   1! max 0, ! 1! !!" −   !!"
!
!!!  
The rationale for this proposal is that projects differ in size and purpose, and consequently in the 
magnitude of benefits they produce. For example, a small-scale project can result in benefits that are in 
the magnitude of hundreds of thousands of dollars, while other large scale projects result in benefits that 
are in the scale of hundreds of millions of dollars. Therefore, concluding that a stakeholder is below the 
benefit poverty line is a function of the mean benefit value for that alternative. Varying the value of ! will 
allow for setting different standards or definitions of what constitutes benefit poverty. However, although 
a fixed value of ! is not being suggested, the author believes that a reasonable value is around 50%. That 
would mean that any stakeholder who benefits from an alternative less than half the mean benefit value is 
considered under the benefit poverty line.  
 
As such, the proposed SWF incorporates three main measures: 1) mean welfare, 2) inequality in 
distribution of welfare, and 3) poverty of welfare. This will result in a fairer and collectively maximized 
allocation of benefits among individual stakeholders in a group. Fairness is analyzed through the 
inequality and poverty measures. Collective maximization is analyzed through the central tendency 
measure; the higher the value of the mean, the higher the collective benefits to all stakeholders. Using a 
simplified example, Tables 6, 7, and 8 provide a comparative analysis of the results of the proposed SWF 
(against other SWFs discussed above in the thesis). These tables show the benefits to stakeholders in three 
different projects as a value from 0 to 100 (0 referring to a stakeholder who does not benefit at all from a 
project, and 100 referring to a stakeholder who is gaining the absolute maximum benefit from a project). 
Table 6 shows the benefit profile of two different project alternatives of Project A. The benefit profile of 
Alternative 1 is more equally distributed among stakeholders, while that of Alternative 2 clearly shows 
inequality in the distribution of benefits among the ten stakeholders. According to Sen’s SWF, Sen’s 
modified SWF, and the proposed SWF, Alternative 1 has a higher social welfare (collective benefit). In 
contrast, according to the Utilitarian, Rawlsian, and Foster’s SWFs, Alternative 2 offers higher collective 
benefit. This example is a clear illustration of how Sen’s SWF, Sen’s modified SWF, and the proposed 
SWF address inequality in the distribution of benefits when assessing the collective benefit, while the 
other SWFs fail to do that. 
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Table 6: Comparative Analysis of SWFs (Project A) 
Stakeholder Alternative  1 Alternative 2 
1 30 35 
2 35 35 
3 40 35 
4 40 35 
5 40 35 
6 40 35 
7 50 35 
8 50 35 
9 50 100 
10 60 100 
Utilitarian (sum) 435 480 
Utilitarian (mean) 43.5 48 
Rawlsian 30 35 
Sen’s SWF 38.95 37.6 
Sen’s Modified 5.91 5.43 
Foster’s SWF 4.27 4.32 
Proposed SWF 38.95 37.6 
 
Similarly, Table 7 shows the benefit profile of two alternatives, but for Project B. Alternative 2 has 
extreme unequal benefit distribution among stakeholders; six stakeholders are gaining maximum benefits 
(100%) while four stakeholders are gaining minimum benefits (1%). In addition to inequality problems, 
Alternative 2 has a clear poverty problem since four stakeholders are considered below the benefit poverty 
line. On the other hand, Alternative 1 offers more equally-distributed benefits among stakeholders, with 
only one or two stakeholders below (or slightly below) the benefit poverty line. Project B illustrates how 
the Utilitarian and Sen’s SWFs fail to address poverty issues in the calculation of social welfare. Although 
Foster’s and Sen’s modified SWFs do not incorporate poverty measures, their emphasis on inequality 
leads to a higher social welfare value for Alternative 1. Using the proposed SWF, Alternative 1 has higher 
collective benefit since, in comparison to Alternative 2, the benefits are equally-distributed among 
stakeholders, with less benefit poverty. 
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Table 7: Comparative Analysis of SWFs (Project B) 
 
 
For Project C (Table 8), the benefits of Alternative 1 are unequally-distributed as opposed to those of 
Alternative 2, which are perfectly-distributed among stakeholders (Gini coefficient equal to 0). However, 
every single stakeholder gains a lower benefit from Alternative 2 in comparison to Alternative 1. Thus, 
Alternative 1 clearly offers a higher collective benefit to stakeholders, since every stakeholder would 
prefer Alternative 1 over Alternative 2. However, Sen’s modified SWF’s extra sensitiveness to inequality 
resulted in a higher social welfare value for Alternative 2.  All other SWFs, including the proposed one, 
reasonably indicated a higher social welfare value for Alternative 1.  
 
As such, unlike the other SWFs, the proposed SWF revealed – in all three example cases – the alternative 
with the highest collective benefits (in terms of mean benefit value, distribution of benefits among 
stakeholders, and poverty of benefits).   
 
Stakeholder Alternative  
1 
Alternative 2 
1 10 1 
2 20 1 
3 50 1 
4 50 10 
5 50 100 
6 50 100 
7 50 100 
8 50 100 
9 60 100 
10 60 100 
Utilitarian (sum) 450 613 
Utilitarian (mean) 45 61.3 
Rawlsian 10 1 
Sen’s SWF 37.70 37.81 
Sen’s Modified 5.62 4.83 
Foster’s SWF 4.03 2 
Proposed SWF 36.20 26.85 
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Table 8: Comparative Analysis of SWFs (Project C) 
Stakeholder Alternative  1 Alternative 2 
1 10 9 
2 10 9 
3 10 9 
4 10 9 
5 10 9 
6 10 9 
7 10 9 
8 100 9 
9 100 9 
10 100 9 
Utilitarian (sum) 370 90 
Utilitarian (mean) 37 9 
Rawlsian 10 9 
Sen’s SWF 18.1 9 
Sen’s Modified 2.97 3 
Foster’s SWF 2 0.9 
Proposed SWF 12.15 9 
 
4.3.2 Incorporating the Triple-Bottom-Line Dimension of Sustainability in the SC-SWF 
Transportation is an essential element of a sustainable society. As such, it is important to analyze how 
transportation projects contribute to a sustainable society and which project alternative will better support 
sustainability. While it is questionable whether sustainability of transportation projects can be accurately 
measured or not, using a Triple Bottom Line (TBL) framework to guide planning and design decisions 
can provide an important insight of which project alternative will result in a more sustainable outcome. 
TBL thinking defines sustainability as the balance of three main principles or pillars of sustainability: 
economic, social, and environmental sustainability (Ott 2003). TBL thinking is based upon the awareness 
that a society is composed of many stakeholders; and thus a TBL approach attempts to assess the social, 
economic, and environmental sustainability of a society taking into consideration the different 
stakeholders or stakeholder groups in that society. TBL analyses seek to strike a balance between these 
three - sometimes conflicting or competing - priorities in a manner that ensures that decisions are socially-
equitable, economically-effective, and environmentally-viable (Carstens 2010). As such, when thinking 
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about delivering infrastructure (e.g. transportation) solutions in a more sustainable manner, it is important 
to analyze the benefits of each project alternative considering each of the TBL elements. In this regard, 
three categories of transportation project benefits have been defined (explained in more detail in Section 
5.5): 
• Economic Benefits: Economic benefits are benefits associated with the production, consumption, 
distribution, saving, and transfer of wealth. For example, economic benefits result from constructing a 
project alternative that minimizes transportation costs for stakeholders, or constructing a project 
alternative that would relieve congestion, and in turn reduce the economic losses of businesses 
resulting from congestion. 
• Social Benefits: Social benefits of transportation projects are improvements to the quality of life of 
individuals of a community in terms of health, safety, accessibility, mobility, culture, and community 
life. For example, social benefit can result from constructing a project alternative that provides a more 
safe transportation method that would in turn reduce life-threatening accidents. Another project 
alternative might result in benefits from providing more accessibility to educational facilities for 
stakeholders. 
• Environmental Benefits: An environmental benefit is a preservation or enhancement of the natural 
surroundings. Environmental benefits include resource conservation, reduced pollution, ecological 
preservation, and ecological enhancement. For example, constructing an alternative that would reduce 
energy consumption relative to the existing conditions would have a positive effect on the 
environment. 
  
In order to incorporate a TBL-sensitive analysis in the assessment of social welfare, the author 
decomposes the SC-SWF into three distinct social welfare measures (or sub-parts of social welfare): the 
economic, social, and environmental benefits. As such, for each project alternative, the economic, social, 
and environmental benefits to each stakeholder will be calculated (this process is discussed in further 
detail in Section 4.4.3). Accordingly, for a group of size n, where !!"# is the benefit category (j being 
environmental (EN), social (S), or economic (EC)) to individual i from project alternative k, the author 
defines the SC-SWF as: 
 
SC-SWFk = SC-SWFECk + SC-SWFSk + SC-SWFENk 
 
where SC-SWFECk  is the economic benefit category welfare, SC-SWFSk  is the social benefit category 
welfare, and SC-SWFENk is the environmental benefit category welfare from project alternative k, and     
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!"_!"#!" = 1! !!"#×   1  –!!"!!!! −   !   1! max 0, !!" −   !!"#
!
!!!  
where, 
SC-SWFjk = welfare of alternative k in benefit category j (e.g. SC-SWFEC2 is the economic social welfare 
function of Alternative 2), !!" = the Gini coefficient of the stakeholder benefits of alternative k in benefit category j. !!" = the poverty line for alternative k in benefit category j. 
Incorporating a TBL-sensitive analysis in the proposed SC-SWF, by providing three distinct social 
welfare measures (economic, social, environmental welfare), is useful for a number of reasons. It 
measures the distribution of the total social welfare of a project alternative among the three types of social 
welfare (the economic, social, and environmental). This, in turn, will help in:  
1) Assessing the balance between the economic, social, and environmental benefits. This may lead to 
achieving a ‘better’ balance of the possibly competing benefits. 
2) Providing greater transparency in decision-making. Showing stakeholders the contribution of each 
TBL element to the total SC-SWF of an alternative provides more information on the manner in 
which an alternative meets the economic, social, and environmental goals of sustainable development. 
For example, although Alternative A and Alternative B (Table 9) have the same total SC-SWF, the 
welfare of Alternative A is predominantly economic, while that of Alternative B is more balanced. 
Both alternatives maximize the collective benefits to the stakeholders equally; however, they achieve 
that collective welfare differently.  
 
Table 9: Comparative Analysis of Alternatives using TBL-Sensitive Analysis 
SC-SWF Alternative A Alternative B 
Economic SC-SWF $25 $10 
Social SC-SWF $3 $9 
Environmental SC-SWF $2 $11 
Total SC-SWF $30 $30 
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4.3.3 Incorporating the Intergenerational Time Dimension of Sustainability in the SC-SWF 
Although it has been widely accepted that sustainability requires a reconciliation or balance of 
environmental, social, and economic objectives or demands (the three pillars of sustainability), 
sustainability remains to be a vague concept – a concept that may be viewed from different perspectives 
and analyzed across various dimensions. In Section 4.3.2, sustainability was studied from a TBL 
perspective; and in this section sustainability will be studied from the intergenerational time dimension. 
Following the definition established in the report of the World Commission on Environment and 
Development (1987), known as the Brundtland Report, sustainability is most commonly defined as 
“development that meets the needs of the present without compromising the ability of future generations 
to meet their own needs” (Johnson 2007). Clearly reflected in this definition is the concept of 
intergenerational welfare equity. From that perspective, sustainability is viewed as an equity commitment 
between present and future generations, in terms of a fair distribution of welfare between present and 
future generations (Padilla 2002, Farzin 2010) or “an intergenerational allocation of consumption” 
(Mourmouras 1993). Analyzing the preferences of future generations with respect to the consumption of 
resources has to be appropriately taken into account when studying sustainability (Padilla 2002). In the 
context of stakeholder-sensitive benefit analysis of infrastructure project alternatives, sustainability 
requires a fair allocation of benefits across generations, i.e., requires intergenerational fair allocation of 
benefits. This means that sustainability is a development policy that is intergenerational just in the sense 
of providing fair allocation of benefits per stakeholder to the present and all future generations.  
 
However, sustainability has generally been characterized from the TBL perspective and the importance of 
intergenerational equity has been neglected (Johnson 1997). The TBL approach, although essential, does 
not explore intergenerational equity. In this research, the author addresses this gap by incorporating the 
intergenerational fairness in the proposed social welfare (benefit) analysis. In this regard, infrastructure 
projects are analyzed in terms of the benefits they yield to the present generation as well as future 
generations. As such, for each project alternative, the SC-SWF of each generation of stakeholders is 
calculated. Accordingly, for a number of g generations, the SC-SWF of each project alternative is defined 
as the sum of the SC-SWF over all generations affected by the project: 
 
!"_!"#!" = SC_SWF!"#!!!!  
where SC-SWFjk1 is the SC-SWF of the first generation affected by the project, SC-SWFjkg is the gth  
generation affected by the project, and SC-SWFjk1 to SC-SWFjkg are calculated using the SC-SWF 
equation proposed in 4.3.2.  Combining both equations, one can define the integrated SC-SWF as follows:  
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!"_!"#!" = 1! !!"#$!!!! ×   1  –!!"# −   !   1! max 0, !!"# −   !!"#$
!
!!!
!
!!!  
 
As such, the proposed SC-SWF offers an integrated analysis of sustainability considering both: the TBL 
dimension and the intergenerational time dimension. However, analyzing sustainability in terms of 
intergenerational fairness raises two main challenging questions:  
• How to define the benefits to a future generation of stakeholders? Defining the benefits to 
stakeholders requires: 1) quantifying the benefits of each alternative, and 2) capturing the benefit 
preferences of each stakeholder. Defining the benefits (positive and negative) to future generations is 
difficult; the task of developing a reliable knowledge of the benefits to a future generation is 
challenging. Even more challenging is the task of defining the benefit preferences of stakeholders; 
future generations of stakeholders are not born yet and thus capturing their benefit preferences 
directly would be impossible. Other means of estimating or predicting the preferences of future 
generations are thus needed.  
• What is the definition of a generation and what is the ‘appropriate’ time frame for the analysis? A 
generation is generally defined as “the average span of time between the birth of parents and that of 
their offspring” (“Generation” 2011). However, there is no clear definition of the number of years in a 
generation (estimates range from 20 to 30 years). Furthermore, the timespan of a generation varies 
from generation to generation and between different cultures (OECD 2010). Another challenge is 
estimating how many generations will be affected by the project, and thus defining the timeframe of 
the analysis. The major question then becomes: How to define the time span of the analysis and how 
many generations should be considered within that time span? One rational approach is to set the 
times span of the analysis as the lifetime of the infrastructure. However, a counterargument to that is 
the fact that infrastructure projects affect stakeholders far beyond their lifetimes. For example, the 
consumption of non-renewable resources to build the infrastructure system today will affect all future 
generations to come, even beyond the lifetime of the built infrastructure. 
4.3.4 Incorporating Other Dimensions of Sustainability in the SC-SWF 
There are other dimensions of sustainability that can be incorporated in the proposed SC-SWF. For 
example, infrastructure project alternatives may be analyzed in terms of inter-geographical allocation of 
benefits. As such, the SC-SWF would analyze how benefits are allocated across stakeholders at different 
geographical/spatial scales, e.g. at the local, state, and federal levels. For example, a freeway passing 
through a local village can benefit stakeholders in a certain state by providing better connectivity, but at 
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the same time directly affects local residents in the area, in a negative way, because of increased traffic 
congestion or temporary construction impacts. This will result in high levels of benefits to stakeholders on 
the state level, but low levels of benefits on the local level (especially given the likely objection of the 
local residents to the project). From an inter-geographical perspective, the SC-SWF can thus be 
decomposed into three sub-parts:  
SC-SWF = SC-SWFFD + SC-SWFST + SC-SWFLC 
where SC-SWFFD  is the SC-SWF on the federal level, SC-SWFST  is the SC-SWF on the state level, SC-
SWFLC is the SC-SWF on the local level. 
4.4 Decision-Making Analysis Method for Stakeholder-Sensitive, Sustainability-Oriented Benefit 
Analysis of Infrastructure Project Alternatives 
The proposed decision-making analysis method for stakeholder-sensitive, sustainability-oriented benefit 
analysis of infrastructure project alternatives is composed of a set of sequential processes. These processes 
lead to the analysis of project alternatives by calculating the SC-SWF of each proposed project 
alternative. In this regard, five stages are proposed: 1) stakeholder involvement and data collection, 2) 
generation of project alternatives, 3) stakeholder benefit assessment, 4) initial Pareto screening of project 
alternatives, and 5) stakeholder-sensitive, sustainability-oriented benefit analysis of project alternatives 
using the proposed SC-SWF. In the SC-SWF equation, !!"# (benefit of type j to stakeholder i from 
constructing alternative k, where j is economic, social, or environmental) is calculated based on 
stakeholder input. Benefit is a stakeholder-sensitive measure that incorporates stakeholders’ viewpoint, 
interpretation, preference, etc. As such, the benefit to a stakeholder is defined as a weighted value of a 
‘stakeholder-neutral’ benefit (e.g. initial cost saving, asset appreciation, etc.), and it is called ‘stakeholder-
sensitive benefit’. The weight is a value that ranges between 0 and 1 and reflects the preference of a 
stakeholder for a benefit. Accordingly, !!"# is calculated as follows: 
 !!"#= !!"   ×  !!" 
 
!!"# = !!"   ×    !!"#!!!!  
where  !!"# is the stakeholder-sensitive benefit of type j (j being economic, social, or environmental) to 
stakeholder i from constructing alternative k, !!"# is the stakeholder-sensitive benefit of sub-type p to 
stakeholder i from constructing alternative k for benefit p (e.g. initial cost savings, asset appreciation, 
etc.), !!"   is the stakeholder-neutral value of sub-benefit p for alternative k, and !!"  is the benefit 
preference of stakeholder i for sub-benefit p (ranges between 0 to 1). Sub-benefit p refers to a lower-level 
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benefit in the benefit hierarchy (e.g. initial cost savings, asset appreciation, etc.), while benefit of type j is 
an upper-level aggregated benefit (economic, social, or environmental). Calculating the aggregated 
benefit j to a stakeholder i from a project alternative k is carried out by summing the lower-level 
stakeholder-sensitive sub-benefits (a total of r benefits) under benefit category j (i.e. !!"#)  and 
multiplying that sum by the weight for that benefit category (i.e. !!"- the benefit preference of stakeholder 
i for the upper-level aggregated benefit j). 
4.4.1 Stakeholder Involvement and Benefit Preferences Capturing 
As mentioned in Section 1.1, involving stakeholders early and continuously throughout the entire project 
development process will result in developing projects that meet stakeholders’ values and interests. As 
such, the first stage of the proposed methodology is involving stakeholders early - prior to the 
development of project alternatives - to capture their concerns and benefit preferences. Subsequently, a set 
of project alternatives are generated, taking into consideration stakeholder input. After the generation of 
project alternatives, stakeholder benefit preferences are then used to analyze the proposed project 
alternatives. A useful tool for capturing stakeholder benefit preferences is pair-wise comparison. A pair-
wise comparison is a process of comparing pairs of benefits (e.g. ‘employment benefit’ and ‘trade 
benefit’) to judge which benefit is preferred. A set of benefit pairs are presented to a stakeholder; and for 
each pair a stakeholder selects the benefit he/she prefers (e.g. ‘employment benefit’) and the magnitude of 
how much he/she prefers that benefit over the other (Fazlollahtabar 2010). The result of the pair-wise 
comparison is a set of matrices containing the preferences of benefits for a certain stakeholder and the 
magnitude of preference of each set of paired benefits. A survey is used to conduct the pair-wise 
comparison. The survey can be conducted in person, on the phone, by mail, or on the Internet.  
 
The stakeholder involvement process is governed by the following set of guidelines (Kangas et al. 2006):   
• There has to be a broad representation of stakeholders. 
• Stakeholders should have open access to information and should actively engage in the planning 
process. 
• Stakeholders have to be provided with easily understandable and accurate information about the 
project under study. 
• Transparency throughout the process should be ensured.  
 
It is important to profile and group stakeholders. This is vital because it helps keep track of the 
involvement of the various stakeholder groups. This aids administrators in identifying the stakeholder 
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groups that are involved and those that are not well represented. Consequently, administrators can then 
develop more effective ways of outreach that include these underrepresented groups.  
4.4.2 Generation of Alternatives 
The aim of this stage is to develop a set of project alternatives taking into consideration stakeholder 
concerns and benefit preferences. The alternatives are further analyzed in subsequent stages according to 
the collective benefits that they will provide to the stakeholders using the proposed SC-SWF. 
Incorporating stakeholder concerns and benefit preferences in infrastructure project planning and design is 
vital to constructing a project that meets the needs of stakeholders (El-Diraby and Wang 2005). As 
discussed earlier in Section 1.1, involving stakeholders in alternative generation will result in developing 
projects that meet stakeholders’ values and interests (NCHRP 2002).  
4.4.3 Stakeholder Benefit Assessment 
Stakeholder benefit assessment consists of three main steps:  
• Calculating benefit preferences: For each stakeholder, the benefit preference (weight) of the 
stakeholder for each sub-benefit (!!") is calculated using the analytical hierarchy process (AHP) 
based on the pair-wise comparisons completed by the stakeholder. The AHP is a useful tool for 
generating weights from stakeholder pair-wise comparisons because it provides an algorithm for 
integrating both qualitative and quantitative aspects of a problem. It has been used in many 
applications such as agriculture, sociology, and industry, amongst others (Huanbin and Zhichui 2010). 
It is the foremost used tool for calculating weights due to its methodological way of structuring the 
decision problem, weighting criterions, and analyzing judgment consistency (Fazlollahtabar 2010).  
The AHP has been used before as a stakeholder-weighting tool in areas such as bridge design and 
municipal solid waste facility sites (Feo and Gisi 2010, Utomo and Idrus 2010). 
 
• Quantifying stakeholder-neutral benefits: For each project alternative, the life cycle stakeholder-
neutral value of each sub-benefit (!!")  is quantified in monetary terms. For the proposed 
methodology, benefits are classified under the three main TBL sustainability categories: economic, 
social, and environmental. An upper-level hierarchy of the benefits for transportation projects is 
provided in Chapter 5 (the presentation and discussion of the complete benefit hierarchy (benefits and 
sub-benefits) is presented in Section 5.5). 
 
When quantifying benefits, it is important to conduct a life cycle analysis to assess the benefits of a 
project alternative over its life cycle. A high initial benefit may appear to be less beneficial over the 
whole life cycle. For example, a project alternative may have a lower initial construction cost, but 
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may require much higher maintenance cost over its lifecycle. There are many different benefit 
quantification techniques that can be used to calculate the monetary value of different benefits for 
each project alternative. For example, the Space-Time Accessibility Measure (STAM) measures the 
increased accessibility benefits that result from different transportation system options. It considers 
the locations and travel speed constrained by different transportation systems as well as the schedules 
of individuals to compute a monetary benefit value for accessibility (Miller and Wu 2000) (the 
discussion of the various benefit quantification techniques that may be used is discussed in Section 
5.9.5) 
 
• Calculating stakeholder-sensitive benefits: The benefit of type j to stakeholder i from constructing 
alternative k (!!"#) is calculated using the following equation:   !!"# = !!"   ×    !!"#!!!!  
The stakeholder-sensitive benefits yielded from this equation will be used to analyze the proposed 
project alternatives. 
4.4.4 Initial Pareto Screening of Project Alternatives 
Pareto optimality is a concept frequently used in economics among other fields. The Pareto principle 
stipulates that if every single individual is better off in a certain state A over another state B, then state A 
is socially preferable. Therefore, a state (position, alternative, policy, etc.) is said to be Pareto optimal if 
there exists no other state where every individual is better off (Kaplow and Shavell 2001). In case of 
stakeholder-sensitive benefit assessment of alternatives, it is very rare that only one Pareto optimal 
solution (alternative) is found. This is because there are many stakeholders that have different 
backgrounds, preferences, and views of what benefits them from constructing an infrastructure project 
(Wanyama and Far 2007). The diversity of stakeholders will result in a wide range of benefit values for 
stakeholders, and as a result, no clear solution can be found that will be considered superior for all the 
stakeholders over the other solutions.  A solution is said to be Pareto dominated if there exists another 
solution that is more preferable to all parties involved (i.e. an alternative is Pareto dominated if there 
exists another alternative in which all stakeholders benefit more from its construction). As such, an initial 
screening of project alternatives will be conducted to identify Pareto-dominated alternatives. Pareto-
dominated alternatives will be eliminated as they are clearly unfavorable by all stakeholders; a Pareto-
dominated alternative will certainly not maximize the collective benefits of stakeholders. Identifying and 
eliminating undesirable project alternatives at an early stage of the analysis will avoid the waste of time 
and resources on conducting a detailed analysis of alternatives that are clearly not socially preferable. 
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Analyzing alternatives needs both monetary and time resources, and reducing the number of alternatives 
to be analyzed in Stage 4 helps reduce such resources. Alternatives that pass the Pareto screening stage 
advance to Stage 5.   
4.4.5 Sustainable Construction Social Welfare Function (SC-SWF) Analysis 
At this stage a stakeholder-sensitive, sustainability-oriented benefit analysis of project alternatives is 
conducted using the proposed SC-SWF. The SC-SWF for each project alternative is calculated. As 
discussed in Section 4.3.2, the SC-SWF for a group of n stakeholders is: 
 
!"_!"#!" = 1! !!"#×   1  –!!"!!!! −   !   1! max 0, !!" −   !!"#
!
!!!  
 
n = number of stakeholders in a project, 
SC-SWFjk = welfare type j of alternative k (ex. SWFEC1 is the economic welfare of alternative 1), !!"# = stakeholder-sensitive benefit type j (j being environmental, social, or economic) to stakeholder i 
from constructing alternative k, !!" = Gini coefficient for stakeholder-sensitive benefit type j for alternative k, ! = poverty multiplier, !!" = benefit poverty line for stakeholder-sensitive benefit type j for alternative k. 
 
To calculate the Gini coefficient of an alternative, a Lorenz curve is plotted using the stakeholder-
sensitive benefit values for that alternative (quantified in Stage 3). As described in Section 2.1.2, the 
Lorenz curve is utilized in order to calculate the economic, social, and environmental Gini coefficients for 
each project alternative. The poverty segment of the SC-SWF equation is calculated based on the 
following equation:  
!"#$%&'  !"#$"%& = !   1! max 0, ! 1! !!" −   !!"!!!!  
 
where !   ∈ [0,1] (as  proposed and discussed in Section 4.3.1). 
 
The alternative with the highest SC-SWF value is the alternative that maximizes the collective benefits to 
all stakeholders. A summary of the proposed methodology is depicted in Fig. 2. Two case studies are 
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provided in Chapter 7 to illustrate the proposed methodology and to show how it can be applied to 
stakeholder-sensitive infrastructure project planning and design. 
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Figure 2: Decision-making analysis method for stakeholder-sensitive, sustainability-oriented benefit 
analysis of infrastructure project alternatives 
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CHAPTER 5: ONTOLOGY FOR STAKEHOLDER INVOLVEMENT DURING 
INFRASTRUCTURE PROJECT PLANNING AND DESIGN (SI-ONTO) 
5.1 Purpose, Use, Domain, Scope, and Requirements of the SI-Onto 
The purpose, intended users, intended use, domain, and scope of the SI-Onto are: 
• Purpose: The purpose of the SI-Onto is to provide a formal, semantic representation of the 
knowledge about stakeholder involvement during infrastructure project planning and design.  
• Intended users and intended use: The intended users of the ontology are stakeholders of 
infrastructure projects (e.g. residential property owners, commercial property owners, business 
improvement associations, interest groups, transportation professionals, transportation service 
providers, etc.). The SI-Onto is intended to be used for automatic reasoning for automating the 
process of stakeholder-sensitive, sustainability-oriented benefit analysis of infrastructure project 
alternatives. 
• Domain: The domain of the SI-Onto is stakeholder involvement in infrastructure development.  
• Scope: The scope of the SI-Onto is to provide a semantic description of the following processes (as 
described in Section 5.2): 
• Stakeholder identification and profiling 
• Stakeholder informing 
• Stakeholder concern capturing 
• Stakeholder benefit preference capturing 
• Alternative generation 
• Stakeholder-neutral benefit quantification 
• Stakeholder benefit preference quantification 
• Stakeholder-sensitive benefit quantification 
• Initial Pareto screening 
• SC-SWF quantification process  
 
Competency questions were formulated to help, both, develop and evaluate the SI-Onto. Competency 
questions are requirements in the form of questions that should be answered by the ontology. The 
following two types of competency questions were used, as defined by El-Gohary and El-Diraby (2010): 
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• Partonymy and inheritance competency questions: These competency questions specify part-whole 
and is-a relationships between concepts. 
• Relational competency questions: These competency questions specify non-hierarchal relations 
between different concepts. 
Some of the competency questions formulated for the SI-Onto are: 
• Partonymy and inheritance competency questions: 
• What are the different types of stakeholders? 
• What are the different types of benefits? 
• What are the sub-processes of a process? 
• Relational competency questions: 
• What is the SC-SWF of alternative A? 
• What is the stakeholder profile of stakeholder S? 
• What is/are the benefit quantification technique(s) that is/are used to quantify stakeholder-neutral 
benefit B? 
• What is/are benefit preference quantification technique(s) that is/are used to quantify stakeholder 
benefit preference P? 
• What is/are the stakeholder involvement constraint(s) that affect(s) the stakeholder benefit 
preference capturing process P? 
• What is/are the alternative generation technique(s) that is/are used to define alternative A? 
5.2 Main Upper-Level Ontological Model 
An ontological model is composed of concept hierarchies (taxonomies), relations, and axioms. Concepts 
represent the ‘things’ in the domain of interest; relations establish the inter-concept links; and axioms 
specify the definitions of concepts and relations and constraints on their behavior and interpretation (El-
Gohary and El-Diraby 2010). The Stakeholder Involvement Ontology (SI-Onto) has been developed as an 
extension to the Infrastructure and Construction PROcess Ontology (IC-PRO-Onto) – a domain ontology. 
At the highest level of abstraction, in the IC-PRO-Onto, a thing is an entity, constraint, attribute, modality, 
or family. An entity is a project, action, actor, product, resource, or mechanism. An action is a process or 
event that produces or updates a product, uses a resource, has an actor role involved, is part of a project, 
uses or defines a mechanism, is controlled by or defines a constraint, has an attribute, has a modality, and 
belongs to a family (El-Gohary and El-Diraby 2010). The SI-Onto focuses on modeling the different 
subprocesses of the stakeholder involvement process and their associated entities. The class diagrams in 
Fig. 3 and Fig. 4 show the main upper-level concepts and the relations between them. For illustration and 
readability purposes, the upper-level concepts are depicted in two figures. Fig. 3 shows all stakeholder 
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involvement sub-processes (and their associated entities) that lead to the generation of alternatives, while 
Fig. 4 focuses on the stakeholder-sensitive benefit analysis processes (and their associated entities) post 
the generation of alternatives; i.e. models all processes needed to conduct a stakeholder-sensitive benefit 
analysis of the generated alternatives.   
 
As shown in Fig. 3, a project has a set of stakeholders. The stakeholder identification and profiling 
process identifies these stakeholders and defines their profiles using stakeholder identification and 
profiling technique(s). After identifying stakeholders, the stakeholder informing process informs 
stakeholders about the existing conditions of the project using stakeholder informing technique(s). A 
stakeholder has a profile (including name, stakeholder classification, etc.), stakeholder benefit preferences 
(preferences about their benefits from a transportation project), and concerns about the transportation 
project being planned. A stakeholder benefit preference capturing process uses a surveying technique to 
define the stakeholder benefit preferences, while a stakeholder concern capturing process uses a 
stakeholder concern capturing technique to define stakeholder concerns about the project. The alternative 
generation process is constrained by the benefit preferences and concerns of stakeholders, as well as other 
technical (e.g. design code requirements) and construction management constraints (e.g. budget). The 
alternative generation process uses alternative generation techniques to define the project alternatives and 
their associated knowledge; and stakeholders participate in the alternative generation process. 
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Figure 3: Upper-level ontological model - Part 1: Subprocesses (and associated entities) leading to the 
generation of alternatives 
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Subsequent to the generation of alternatives, a set of processes are conducted to perform a stakeholder-
sensitive benefit analysis of the alternatives; i.e. to determine the ‘stakeholder-sensitive benefits’ to each 
stakeholder for each alternative and subsequently assess the social welfare (collective benefit to all 
stakeholders) of each alternative using the SC-SWF. A ‘stakeholder-sensitive benefit’ is a benefit to a 
stakeholder from constructing a specific alternative. A benefit is a result that has been interpreted by one 
or more stakeholders as a monetary or non-monetary gain, improvement, or advantage; and as such a 
benefit is a stakeholder-sensitive measure that incorporates stakeholders’ viewpoints, interpretations, 
preferences, etc. A benefit to a stakeholder (called a ‘stakeholder-sensitive benefit’) is thus a weighted 
value of a ‘stakeholder-neutral benefit’ (a neutral non-subjective measure, such as initial cost saving, asset 
appreciation, etc.). The weight (called ‘stakeholder benefit preference’) is a value that ranges between 0 
and 1 and reflects the preference of a stakeholder for a certain benefit. The ‘SC-SWF’ is a ‘sustainable 
construction social welfare measure’; a measure of the collective benefits (environmental, social, and 
economic) to all stakeholders from constructing a specific alternative. It is used for the analysis of project 
alternatives.  
 
As per Fig. 4, a stakeholder will benefit from a proposed project alternative. In the proposed model, a 
benefit could be positive (increased benefit in comparison to existing conditions), zero (no benefit), or 
negative (loss of benefit in comparison to existing conditions). A stakeholder has benefit preferences. In 
order to define these benefit preferences, stakeholders participate in a stakeholder benefit preference 
capturing process; which uses a surveying technique, produces a survey result, and is affected by different 
stakeholder involvement constraints. A stakeholder benefit preference quantification process defines the 
benefit preferences of each stakeholder using the survey result and benefit preference quantification 
technique(s) (e.g. Analytical Hierarchy Process Method).  
 
Using existing conditions knowledge (e.g. data/information/knowledge about current transportation 
systems, demographics, travel behavior of individuals in the study area), alternative knowledge 
(data/information/knowledge about the design of the alternatives, their estimated costs, etc.), and benefit 
quantification techniques (e.g. the revealed preference method, the shadow project approach, input/output 
analysis), the ‘stakeholder-neutral benefit quantification process’ defines the monetary value of the 
different ‘stakeholder-neutral benefits’ of each proposed project alternative. Using these monetary benefit 
values and the benefit preferences of stakeholders, the ‘stakeholder-sensitive benefit quantification 
process’ defines the ‘stakeholder-sensitive benefits’ of each alternative. As such, an alternative results in 
stakeholder-neutral benefits and stakeholder-sensitive benefits. 
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Alternatives are then screened using the ‘initial Pareto screening process.’ The sustainable construction 
social welfare function (SC-SWF) quantification process uses the defined stakeholder-sensitive benefits 
and a set of sustainable construction social welfare (SC-SW) indicators to define the SC-SWF (a SC-SW 
measure) for each project alternative. It also produces a set of SC-SW analysis results (tables and figures 
that represent the SC-SW indicators and the SC-SWF). The above-mentioned concepts are further 
explained and discussed in the remainder of the thesis. 
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Figure 4: Upper-level ontological model - Part 2 (Subprocesses post generation of alternatives) 
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5.3 Processes 
In the SI-Onto, the following processes (subclasses of the class ‘Process’) are conducted to perform 
stakeholder-sensitive benefit analysis of transportation project alternatives (as per Fig. 3 and Fig. 4): 
• Stakeholder Identification and Profiling Process: This process aims at identifying the different 
stakeholders of the project – the impacted, interested, and the responsible. Knowledge and 
understanding of the community and surrounding areas affected by the project is essential in order to 
properly identify the impacted stakeholders. Identifying interested stakeholders requires good 
advertisement of the project and thoughtful consideration of potential stakeholders. Identifying 
responsible stakeholders, on the other hand, is a relatively easier task that simply requires 
identification of the parties that have some degree of responsibility or liability associated with the 
development and/or outcome of the project. Profiling stakeholders is the process of analyzing the 
different stakeholder groups, the individuals that belong to such groups, their level of interest in the 
project, their influence in their communities, etc. Different communities have different social 
structures with varying influential individuals (NCHRP 2002). For example, in some cases, local 
elected officials – typically assumed by transportation planners to be key influential individuals in 
their local community – do not have much influence within their communities. The stakeholder 
identification and profiling process is performed using a set of stakeholder identification and profiling 
techniques (see Section 5.9.1). 
• Stakeholder Informing Process: This process aims at disseminating information to identified 
stakeholders. Informing stakeholders is critical; if stakeholders are not well-informed about the 
planned project they tend to become disinterested or despondent about participation. Well-informed 
stakeholders, on the other hand, would actively engage in the process, providing well-informed input 
about their benefit preferences and concerns. The stakeholder informing process uses stakeholder 
informing techniques (see Section 5.9.2). 
• Stakeholder Concern Capturing Process: This process aims at capturing any concerns that 
stakeholders may have about existing conditions or about the project being planned. Considering 
stakeholder concerns during transportation project planning and design is vital in order to construct a 
project that meets the needs of stakeholders (El-Diraby and Wang 2005). The stakeholder concern 
capturing process is carried out using one or more stakeholder concern capturing techniques (see 
Section 5.9.3). 
• Stakeholder Benefit Preference Capturing Process: This process aims at capturing the benefit 
preferences of each stakeholder (according to the benefit class hierarchy). Different techniques can be 
used to capture stakeholder preferences, such as surveying (see Section 5.9.6).  
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• Alternative Generation Process: This process aims at developing a set of project alternatives. 
Stakeholders, among other actor roles such as designers, participate in the alternative generation 
process. Project alternatives should reflect the needs of stakeholders, and as such, the alternative 
generation process is constrained by the captured stakeholder concerns and benefit preferences. The 
product of this process is a set of project alternatives and their associated knowledge. The alternative 
generation process uses a set of alternative generation techniques (see Section 5.9.4). 
• Stakeholder-Neutral Benefit Quantification Process: This process aims at quantifying, in monetary 
values, the different stakeholder-neutral benefits (according to the benefit class hierarchy) for each 
project alternative. A set of techniques are needed to quantify these benefits, as discussed in Section 
5.9.5.   
• Stakeholder Benefit Preference Quantification Process: As illustrated in Fig. 5, this process aims at 
quantifying stakeholder preferences in the form of weights. Different quantification techniques may 
be used, such as the analytical hierarchy process (AHP), as further discussed in Section 5.9.7.  
 
Figure 5: Benefit preference quantification process 
• Stakeholder-Sensitive Benefit Quantification Process: This process aims at quantifying the 
stakeholder-sensitive benefits to each stakeholder from every alternative based on the stakeholder’s 
preference weights and the stakeholder-neutral benefits.  
• Initial Pareto Screening Process: This process aims at initially screening project alternatives to 
eliminate Pareto-dominated alternatives. A solution is Pareto-dominated if there exists another 
solution that is more preferable to all parties involved (i.e. an alternative is Pareto-dominated if there 
exists another alternative in which all stakeholders benefit more from its construction). Pareto-
dominated alternatives are eliminated since they are clearly unfavorable by all stakeholders. 
• SC-SWF Quantification Process: This process aims at quantifying the SC-SWF of each proposed 
project alternative to analyze which alternative best maximizes the collective benefits to all 
stakeholders. The SC-SWF is a measure of the collective benefits to all stakeholders. It is a function 
of the following indicators: 1) an indicator of the central tendency of the benefits to individual 
stakeholders: the mean stakeholder-sensitive benefits of the stakeholder population, 2) an indicator of 
the inequality in the distribution of benefits among stakeholders, and 3) an indicator of how many 
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stakeholders benefit minimally or insufficiently and by what degree (what the author calls ‘poverty of 
benefit’).  
5.4 Stakeholders 
Stakeholders are classified as impacted, interested, or responsible. An impacted stakeholder is an 
individual or organization that is directly or indirectly affected by the planned transportation project. An 
interested stakeholder is an individual or organization that would like to be involved in the planning 
process, although not directly affected by the planned transportation project. A responsible stakeholder is 
an individual or organization that has some degree of responsibility or liability associated with the 
development and/or outcome of the project, such as a state department of transportation highway designer 
(El-Gohary et. al. 2006). Each class is further divided into sub-classes, as shown in Fig. 6. For modeling 
these subclasses, the stakeholder classification by the National Cooperative Highway Research Program 
was benchmarked (NCHRP 2002). An impacted stakeholder is either an impacted individual or a 
representative organization. Impacted individuals are categorized as adjacent property owners, adjacent 
property renters, or facility users. Representative organizations speak on behalf of impacted stakeholders 
and are categorized as neighborhood organizations or industry and business associations. An interested 
stakeholder is either a business organization or an interest group. A responsible stakeholder is categorized 
as a local jurisdiction official (either an elected and appointed official or a transportation and technical 
professional), a regional transportation professional, a state transportation professional, a federal 
transportation professional, or a transportation service provider (e.g. a transit agency). Stakeholder 
classification is vital because it helps keep track of the involvement of the various stakeholder groups. 
This aids administrators in identifying the stakeholder groups that are involved and those that are not well 
represented. Consequently, administrators can then develop more effective ways of outreach to include 
these underrepresented groups. 
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Figure 6: Stakeholders of transportation projects - hierarchy of the 'stakeholder' concept 
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5.5 Benefits 
5.5.1 Economic Benefits 
Economic benefits are benefits associated with the production, consumption, distribution, saving, and 
transfer of wealth. Economic benefits of transportation projects are divided into two main categories: 
financial benefits and economic improvement benefits. Financial benefits of transportation projects are 
direct agency or user cost savings that may result from decreasing the cost of a project or increasing travel 
efficiency for individuals. As such, financial benefits include project cost savings and user financial 
benefits. Project cost savings are savings in the total discounted life cycle cost of a project. The life cycle 
cost of an alternative consists of: 1) the initial design and construction costs, 2) the operation, 
maintenance, and repair costs, and 3) the financing, tax, replacement and salvage costs (Dell’Isola and 
Kirk 2003). The initial project cost is the estimated construction cost of the project, which can be 
determined using estimating databases or an estimated bid amount by a contractor. Operation, 
maintenance, and repair costs are costs to the project that are incurred over its life cycle and these can also 
be estimated using estimating databases which provide the yearly cost per area of the project (Fuller 
2010). Replacement costs are costs that are needed at the end of the project’s projected life cycle in order 
to either build a new project to replace the current one or rehabilitate the project so that it can still be 
useable to commuters. The costs for each project alternative, discounted to present day equivalent dollars, 
are used to compare different alternatives. The most costly alternative would have a project cost savings 
benefit value of 0 and the other alternatives would have a project cost savings benefit equal to the cost of 
the most costly alternative subtracted by the cost value of each respective alternative. As such, calculating 
the project cost saving benefit value for each alternative is relative to the most costly alternative (Feng and 
Wang 2005). 
 
User financial benefits are travel-related time and cost benefits including user travel time savings and user 
vehicle cost savings. User travel time saving is the reduction of commuting time as a result of building a 
new project alternative over the status quo. Several methods of calculating user travel time savings have 
been proposed in the literature (Litman 2011, Feng and Wang 2005, Surahyo and El-Diraby 2009). For 
example, the Waters Estimate equates user travel time savings to 50% of the average after-tax wage rate 
of drivers on non-work related traveling and 100% of the before-tax wage rate on work-related traveling 
per hour saved (Boardman et al. 2005).  User vehicle cost savings are the decreased vehicle maintenance, 
tire, gas, and depreciation costs resulting from commuting through a shorter route as a result of 
constructing a project alternative. This is calculated using the Vehicle Operating Cost Savings Approach, 
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which multiplies the difference in distance by the cost of operating the vehicle per mile (Litman 2011, 
Feng and Wang 2005, Surahyo and El-Diraby 2009). 
 
Economic improvement benefits are improvements to the economic well-being of a community in terms 
of economic growth, business expansion, business operational improvement, job creation, increased 
income and/or affordability, etc. Economic improvement benefits are divided into microeconomic and 
macroeconomic benefits. Microeconomic improvement benefits are economic benefits to the individual 
components of the economy, such as individual business firms, households, etc. Microeconomic benefits 
of transportation projects are classified into two main subclasses: business improvement and increased 
household affordability. Business improvement benefits include increased accessibility to businesses, 
decreased business operating expenses, and decreased economic traffic congestion losses. These business 
improvement benefits can be quantified using the production function method (Tanaka and Monji 2010). 
Increased household affordability benefits are the reduced household monthly costs as a result of 
constructing a project alternative and can either be increased transportation affordability (i.e. decreased 
transportation costs) or increased housing affordability (i.e. decreased housing ownership or renting 
costs). These benefits can be quantified by calculating the estimated difference between the average 
household monthly expenditures on transportation and housing prior and post constructing the project 
alternative (Litman 2011).   
 
Macroeconomic benefits, on the other hand, are economic benefits at the aggregate level of the economy, 
such as employment, trade, asset prices, etc. For example, if an interchange serves the study area, 
additional passengers will be encouraged to visit the local attractions in that area, which in turn would 
result in economic benefits (Feng and Wang 2005). Macroeconomic benefits are classified into 
employment benefits, asset appreciation, and trade benefits. Employment benefits can be calculated using 
input/output analysis, which accounts for the direct and indirect inputs of a new project by analyzing the 
input and output matrices of the economy (Surahyo and El-Diraby 2009, Feng and Wang 2005). Asset 
appreciation is higher land and property valuation resulting from constructing an alternative, and can be 
calculated using hedonic methods (Litman 2011). Constructing a new project can also lead to trade 
benefits resulting from decreased time of transporting goods. Trade benefits can be calculated using the 
social cost method (Lakshamanan 2007). 
5.5.2 Social Benefits 
Social benefits of transportation projects are improvements to the quality of life of individuals of a 
community in terms of health, safety, accessibility, mobility, culture, and community life. In the SI-Onto, 
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social benefits are categorized into health and safety benefits, cultural and community benefits, and 
accessibility and mobility benefits. Health and safety benefits are positive effects on the safety and 
physical and mental wellbeing of the people, and are broken down into accident reduction, promoting 
active transportation, reduced mortality risks, and reduced morbidity risks. Accident reduction is the 
expected decline of fatalities and injuries resulting from constructing a specific project alternative. Both, 
reduction of fatalities and reduction of injuries are commonly calculated in terms of travel distance 
reduction (comparing existing conditions to expected future conditions if a specific alternative is 
selected). Multiplying that reduction in distance (!) by the fatalities or injuries that take place per mile of 
a similar transportation segment yields the number of fatalities and injuries reduced per year. That 
reduction multiplied by the value of a statistical life (VSL), yields a benefit value for the reduction of 
fatalities (Boardman et al. 2005).  !"#$%&'()  !"  !"#"$%#%&'   =   !  ×    !"#"$%#%&'!"#$ ×(!"#)  
The same method can also be used to calculate injuries. However, instead of multiplying the reduced 
number of injuries by the VSL, the reduced number of injuries is multiplied by a fraction of the VSL, 
based on the severity of the injuries in what is called the Abbreviated Injury Scale (AIS).  !"#$%&'()  !"  !"#$%&'(   =   !  ×    !"#$%&'(!"#$ × !"#   ×  (!"#)  
There are many estimated values of the VSL ranging from $2.77 million to $7.87 million (Boardman et 
al. 2005, Feng and Wang 2005). Other factors, such as improved roadway design and improved right of 
way, might also be considered when calculating accident reduction.  
 
Health benefits of promoting active transportation result from increased physical activity through 
increased use of non-motorized transportation options such as walking and bicycling. Increased physical 
activity leads to decreased risks of heart disease, hypertension, strokes, depression, diabetes, and cancer 
among other diseases. Health benefits of promoting active transportation can be quantified using the 
Active Transport Quantification Tool, which provides a methodology for valuing active transportation 
benefits such as increased happiness and reduced disease risks resulting from increased physical activity 
(Litman 2011).  
 
Reduced emission-induced mortality and morbidity risks are reduced health risks resulting from a reduced 
exposure to harmful emissions (e.g. particulate matter emissions). Reduced emissions-induced mortality 
risks can be valued using the following equation, where Ω is the estimated number of lives saved as a 
result of reduced emissions and VSL is the value of a statistical life (US EPA 2000):  !"#$%"#  !"#$$#%&$– !"#$%&#  !"#$%&'$(  !"#$#   =   !  ×(!"#)  
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Reduced emissions-induced morbidity risks can be valued using the Cost-of-Illness Method, where θ is 
the estimated reduction in the number of people becoming sick and η is the cost of illness. The cost of 
illness includes direct costs (e.g. cost of medical services) and indirect costs (e.g. lost work time) (US 
EPA 2000): !"#$%"#  !"#$$#%&$– !"#$%&#  !"#$%&%'(  !"#$#   =   θ  ×η  
 
Cultural and community benefits are benefits resulting from stimulating social interaction and community 
life, increasing sense of community and belonging, and increasing cultural awareness. Cultural and 
community benefits are classified into cultural resource preservation, improved accessibility to cultural 
sites, visual enhancement, promoting cultural heritage, and increased community cohesion. A project 
alternative may result in cultural resource preservation by avoiding, minimizing, or mitigating a possible 
adverse effect on archaeological sites or historic structures or buildings. Cultural resource preservation 
can be quantified using the economic valuation approach (Surahyo and El-Diraby 2009). Increased 
accessibility to cultural sites can be quantified using revealed preference studies which try to valuate how 
much people are willing to pay to improve access to services or facilities (Litman 2011). Visual 
enhancement is improving the visual appearance of a neighborhood or area. Some transportation projects, 
like cable-stayed bridges, are visually appealing and become prominent cultural sites and hence offer a 
benefit to that neighborhood or area. Visual enhancement can be quantified using the contingent valuation 
method (Surahyo and El-Diraby 2009). A transportation project may promote cultural heritage by 
integrating cultural elements within its design, for example by including public art features in the design 
of subway stations or bus shelters. Promoting cultural heritage can be calculated using the economic 
valuation approach (Surahyo and El-Diraby 2009). Increased community cohesion is a benefit that can 
result from a transportation mode that inspires a sense of togetherness among community members. For 
example, riding public transportation may stimulate a sense of belonging that emerges from the 
connections made with other transit riders from the community. Increased community cohesion can be 
quantified using the contingent valuation approach (Surahyo and El-Diraby 2009). 
 
Accessibility and mobility benefits are benefits that make facilities or services more reachable to 
stakeholders. Improved accessibility can be achieved by enhancing transportation connectivity to the 
different types of facilities or services, such as education, healthcare, retail, recreational facilities, and 
childcare. Different methods have been proposed for measuring accessibility benefits, such as 
input/output analysis, revealed preference studies, and the Space-Time Accessibility Measure (STAM) 
(Litman 2011, Tanaka and Monji 2010, Miller and Wu 2000). Increased basic mobility is defined as 
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increasing the ease of transport for non-drivers or people with disabilities. Increased basic mobility can be 
calculated using the vertical equity method (Litman 2011). 
5.5.3 Environmental Benefits 
An environmental benefit is a preservation or enhancement of the natural surroundings. Environmental 
benefits are grouped into resource conservation, reduced pollution, ecological preservation, and ecological 
enhancement. Resource conservation is the decreased overall use or consumption of water, energy, or 
natural resources, and is broken down into natural resource conservation, energy conservation, and water 
conservation. Natural resource conservation is defined as saving naturally-existing, non-man-made 
material, such as coal, oil, wood, minerals, etc. Water conservation is the saving in water consumption. 
Both natural resource conservation and water conservation can be quantified using the market method 
(US EPA 2000). Energy conservation can be valued by calculating the estimated energy cost savings 
using the following equation (Fuller 2010):  
!"#$%&  !"#$  !"#$%&' =    !!   ×  (!! − !!)(1 + !)!!!!!  
where Pj is the price of energy in year j, Ej is the energy consumption in year j, E0 is the current energy 
consumption, n is the lifetime of the project alternative, and i is the discounting interest rate (Fuller 2010). 
The energy consumption of a proposed alternative can be estimated using current Building Information 
Modeling (BIM)-based software tools (Fuller 2010). 
 
Reduced pollution is divided into four types: reduced noise pollution, reduced air pollution, reduced light 
pollution, and reduced water pollution. The development of a transportation project may decrease the 
amount of pollution in comparison to existing conditions. A reduction in any of these types of pollution is 
considered as a benefit. Reduced noise pollution is a reduction in the degree of noise affecting the study 
area which can be achieved by the use of advanced noise-reducing engine technologies for transit 
vehicles, the installation of sound barriers on highways in close proximity to residential areas, etc. 
Reduced air pollution is a reduction in the amount of emissions that have adverse effects on the 
environment (e.g. greenhouse gases (GHG)). Reduced noise and air pollution can be quantified using 
contingent valuation, the impact compensation method, or the hedonic price method (Litman 2011, Feng 
and Wang 2005, Surahyo and El-Diraby 2009). Reduced light pollution is the reduction in the amount of 
misdirected and obtrusive artificial light. It can be calculated using the hedonic pricing method (Surahyo 
and El-Diraby 2009). Reduced water pollution is the reduction in the amount of contaminants that pollute 
the water. It can be calculated using the contingent valuation method (Feng and Wang 2005). 
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Ecological preservation benefits are benefits resulting from the protection of the ecosystem, including soil 
protection, habitat restoration, and wetlands protection. Soil protection is the prevention of soil erosion 
and soil contamination. Soil protection can be quantified using the economic valuation approach (Surahyo 
and El-Diraby 2009). Transportation projects have in many cases disconnected wildlife habitats from their 
environment. Habitat restoration is the recovery of an ecosystem that has been degraded, damaged, or 
destroyed to preserve native plant species and wildlife. Habitat restoration can be quantified using the 
production function or the shadow project approach (US EPA 2000, Surahyo and El-Diraby 2009). 
Wetland protection is ensuring that the net total area of wetlands is not decreased. This can be quantified 
using the production function method (US EPA 2000). 
 
Ecological enhancement is an improvement to the existing ecological conditions in terms of improved soil 
quality, provision of natural recreation, increased green space, and improved land use pattern. Improved 
soil quality is an enhancement to soil properties, such as water-holding capacity and infiltration. Improved 
soil quality can be measured using the production function (US EPA 2000). Provision of natural 
recreation is the addition of natural recreation facilities in the study area, such as camping sites and state 
parks. Increased green space is the addition of natural green areas in an urban setting, such as roadside 
trees, parks, etc. Improved land use pattern is enhanced city zoning resulting from transportation planning 
decisions. Improved land use patterns may lead to more compact, smart growth development. Provision of 
natural recreation, increased green space, and improved land use patterns can be quantified using the 
contingent valuation method (Litman 2011). 
 
The complete benefit hierarchy is presented in Fig. 7. 
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Figure 7: Benefit hierarchy 
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5.6 Stakeholder Concerns 
In order to involve stakeholders in the planning process of infrastructure projects, their concerns have to 
be captured and addressed. Stakeholders have different backgrounds, experiences, and preferences, and 
therefore have different concerns (El-Gohary et. al 2006, El-Diraby and Wang 2005). Capturing 
stakeholder concerns is vital for constructing an infrastructure project that meets the needs of the 
stakeholders. Therefore, the process of generating project alternatives is constrained by such stakeholder 
concerns. Stakeholder concerns can be classified into three categories: 
• Economic concerns: concerns associated with the production, consumption, distribution, saving, and 
transfer of wealth. For example, stakeholders might be concerned about rising gas prices and its effect 
on transportation costs or time spent commuting on congested roads. 
• Social concerns: concerns about the quality of life of individuals of a community in terms of health, 
safety, accessibility, mobility, culture, and community life. For example, stakeholders might be 
concerned about the widening of roads in cities and its effect on increased safety risks. 
• Environmental concerns: concerns about the impacts on and disruptions to the natural surroundings. 
For example, stakeholders might be concerned about deforestation resulting from extending a certain 
highway or the increasing water pollution in the study area. 
5.7 Stakeholder Benefit Preferences 
In order to evaluate project alternatives from the perspective of stakeholders, the benefit preferences of 
each stakeholder are recorded. Stakeholder benefit preferences define each stakeholder’s inclination 
towards certain benefits in the benefit hierarchy. Capturing each stakeholder’s benefit preference is 
essential for performing stakeholder-sensitive benefit analysis of alternatives. Stakeholder benefit 
preferences are expressed in terms of weights - a weight for each benefit in the benefit hierarchy. To 
define these weights, a pair wise comparison of all the different benefits in each level of the benefit 
hierarchy is completed by each stakeholder (i.e. for each paired benefits, a stakeholder is asked to select 
the benefit that is higher in importance to him/her and by what magnitude). For example, a stakeholder 
can choose economic benefits over social benefits with a magnitude of 5, meaning that for this 
stakeholder, economic benefits are strongly preferred than social benefits. Pair wise comparisons are 
conducted using a survey (a technique, see Section 5.9.6). As such, the stakeholder benefit preference 
capturing process produces the ‘survey result’ (a subclass of ‘product’). The survey result is a completed 
survey filled out by a stakeholder. An example of a survey completed by a stakeholder is shown in Fig. 8. 
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Figure 8: Example of a stakeholder benefit preference survey 
The benefit preference quantification technique uses the survey result (the pair wise comparisons) to 
define the stakeholder benefit preferences using the AHP (a benefit preference quantification technique, 
see Section 5.9.7). The alternative generation process is constrained by those benefit preferences. Fig. 9 
shows a set of benefit preferences of a stakeholder. The stakeholder clearly prefers economic benefits to 
both social and environmental benefits with a 63.7% weight on economic benefits.  
 
 
Figure 9: Example of stakeholder benefit preferences 
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5.8 Stakeholder Involvement Constraints 
There are many variables that directly or indirectly affect the stakeholder involvement process, including 
the capturing of stakeholder benefit preferences (i.e. the response rate to the survey). In general, the 
stakeholder involvement is affected by: the time and budget allocated for the process and the level of 
interest of stakeholders. Generally, the higher the stakeholders’ level of interest in the project, the higher 
their expected level of participation. Additionally, capturing stakeholder input using a survey is affected 
by the following constraints:  
• Stakeholder Level of Interest in the Survey Topic: The probability of a person cooperating on a 
survey request on a topic of interest is 40 percent higher than on a topic of non-interest (Groves et al. 
2004).  
• Surveying Time and Technique: Stakeholders’ willingness to participate in the survey also depends 
on the time of the day and the type of surveying technique used (in-person, phone, mail, online, etc). 
Online and mail surveys provide more flexibility to stakeholders (because stakeholders are not 
constrained to complete the survey in one sitting), while in-person and phone surveys give 
stakeholders the opportunity to ask for clarifications and thus may result in more accurate responses. 
5.9 Mechanisms 
The SI-Onto models several mechanisms that are used in conducting the various stakeholder involvement 
processes. Three main types of mechanisms are used in the SI-Onto: indicators, measures, and techniques.  
In this thesis, the author generally defines an indicator as a quantitative or qualitative factor or variable 
that measures a specific property, result, or condition. A measure is a single quantitative value that 
measures a specific property, result, or condition, where multiple indicators may be combined into a 
single measure. A technique is a method, means, or manner of procedure that are used to perform a 
process. 
5.9.1 Stakeholder Identification and Profiling Techniques 
Stakeholder identification and profiling techniques help in identifying, grouping, analyzing, and profiling 
stakeholders. In general, stakeholders may be profiled based on their: type of concern (e.g. economic, 
social, or environmental), level of interest (e.g. high, medium, or low), level of power (e.g. does a 
stakeholder have high or low power to influence the project), level of influence (influence is a function of 
interest and power, e.g. a stakeholders that has high levels of power and interest would in turn have a high 
influence over project decisions), level of support (e.g. is a stakeholder opposed, neutral, or supportive of 
the project), level of knowledge, linkages to other stakeholders (e.g. conflict, cooperation, or dependency 
relationships to other stakeholders), and capacity to contribute (level of input the stakeholder is willing to 
contribute and the form of contribution -  time, money, knowledge, etc.) (Bourne and Weaver 2010). In 
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this regard, a set of techniques can be used to identify, analyze, and profile stakeholders, such as (Bryson 
2004): 
• The basic stakeholder analysis technique: This technique is used to identify stakeholders, their 
interests, their views about the project, and key strategic issues, using sub-techniques such as 
brainstorming and fact sheets.   
• Power versus interest grids: This technique groups stakeholders in a two-by-two matrix according to 
the stakeholders’ level of interest in the project and their potential power in affecting the course of the 
project. Stakeholders are either classified into players (high interest and high power), subjects (high 
interest but low power), context setters (high power but low interest), or the crowd (low interest and 
low power). This technique aids in determining which stakeholders’ interests and power bases must 
be considered in the decision-making process. 
• Stakeholder influence diagrams: This technique plots stakeholders on a power-interest diagram and 
analyzes how these stakeholders influence each other. First, a power versus interest grid is constructed 
for the project, lines of influence from one stakeholder to another are drawn on the grid, and finally 
the most influential stakeholders in the project are identified (stakeholders that have the most 
influence lines originating from them). 
• Bases of power-directions of interest diagrams: This technique expands on a stakeholder influence 
diagram, and studies each stakeholder in detail. A bases of power-directions of interest diagram 
identifies the bases of power, directions of interest, available sanctions, and support mechanisms for 
each stakeholder. This technique helps in finding a common ground between stakeholders (e.g. in 
terms of interests) and identifying how a stakeholder’s power can be used to advance the ‘common 
good’.  
• Finding the common good and the structure of a winning argument: This technique expands on the 
bases of power-directions of interest diagram, and aims at exploring the interests that are common to 
large numbers of stakeholders or stakeholder groups. These interests, called supra-interests, are 
studied in detail and a map of the supra-interests and the relationships between them is created. Thus, 
the map shows the relationships between the supra-interests and how stakeholder interests are 
connected using these supra-interests. 
• Problem-frame stakeholder maps: This technique is useful in identifying problem definitions 
(different approaches to constructing an infrastructure project) that can be implemented by gaining 
motivation from a large number of stakeholders. This technique is done by constructing a two-by-two 
matrix with stakeholder power on one dimension and support or opposition on the other dimension. 
The stakeholders are then grouped according to their power and support or opposition as shown in 
Fig. 10. 
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Figure 10: Problem-frame stakeholder map (Bryson 2004) 
5.9.2 Stakeholder Informing Techniques  
There are many techniques that can be used to inform stakeholders (El-Gohary et al. 2006, El-Diraby and 
Wang 2005, Brabham et al. 2009): 
• Open house: An open house is a relatively informal event designed to allow stakeholders to drop in to 
obtain information or provide input at their convenience. Usually, an open house includes display 
information and presentation material, in addition to printed handout materials and the presence of 
public consultation staff (or transportation planning officials, project designers, etc.) to meet with and 
answer stakeholders’ questions one-on-one. An open house is thus useful when a large number of 
potential stakeholders exist and the project (or issues discussed) is of concern to a wide range of 
stakeholders. It can also accommodate the personal timetables of stakeholders.  
• Workshop: In contrast to an open house, a workshop is a more structured type of forum (usually with 
a pre-established agenda), where stakeholders are invited to work together in a group setting on a 
common problem or task. Workshops are more suitable with a small number of participants, and 
require a facilitator to organize the discussion. A workshop is thus useful when specific issues require 
discussion in a group setting and with greater level of detail (in comparison to open houses). 
Workshops can be organized to target particular stakeholder groups or to get the views of stakeholder 
representatives (e.g. members of business improvement associations (BIAs)) on specific design 
issues.  
• Information kiosk: An information kiosk is a stand-alone kiosk that includes information for display 
or distribution to stakeholders passing by the kiosk. Information kiosks are typically used in a variety 
of locations and may be either stationary or mobile. If the locations of the kiosks are well-planned, 
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this method could be useful in targeting different stakeholder groups who do not normally attend 
public meetings or open houses. 
• Website: A project website can contain project information, announcements, and documents – in 
various formats (documents, presentations, etc.). A website can allow stakeholders to obtain 
information easily, quickly, and at a relatively low cost (compared to open houses and information 
kiosks). If well advertised, websites can reach a large number of stakeholders and can provide them 
with a large amount of information, at a low cost. However, it is an ineffective technique whenever 
stakeholders are web-illiterate or have limited access to the Internet. It is also not that successful for 
active participation and two-way communication.  
• Newsletter: Newsletters are distributed publications that inform and update stakeholders about the 
progress of the project and stakeholder involvement events. Newsletters can be handed out during 
workshops, open houses, or information kiosks. They can also be mailed to residential and business 
addresses, emailed to individual stakeholders or groups, or posted on websites. 
5.9.3 Stakeholder Concern Capturing Techniques 
Many techniques can be used to capture the concerns of stakeholders, such as: 
• Surveying techniques (in person, on the phone, by mail, online) 
• Workshops 
• Open houses 
• Information kiosks 
• Websites 
5.9.4 Alternative Generation Techniques 
A technique or a combination of techniques can be used during the generation of alternatives, for 
example: 
• Brainstorming Technique: Brainstorming is a group of creativity techniques that aims at generating a 
large number of ideas for the solution of a certain problem. In brainstorming, participants are typically 
encouraged to temporarily ignore barriers and limitations, avoid evaluation of ideas, and entirely 
focus on generating as many ideas as possible (Brown 2007). 
• Feasibility Assessment Technique: Feasibility assessment is used to study if the solutions generated 
during brainstorming are feasible. There are many types of feasibility assessments: economic 
feasibility, financial feasibility, technical feasibility, legal/ethical feasibility, cultural feasibility, and 
schedule feasibility. For example, schedule feasibility studies if the proposed solution can be built 
within the time frame set for the project (Brown 2007). 
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• Simulation Technique: Computer simulations may help planners and designers to imitate the project 
or certain processes for visualization or prediction of performance. For example, BIM-based computer 
aided design (CAD) programs can simulate construction activities and the energy consumption of 
infrastructure projects (Fuller 2010).  
• Travel Demand Forecasting Technique: Travel demand forecasting is used to predict travel behavior 
and resulting demand for a specific future time frame. Travel demand forecasting techniques include 
Micro-analytic Integrated Demographic Accounting System, Prism Constrained Activity-Travel 
Simulator, and Travel Activity Scheduler for Household agents among others (Henson and Goulias 
2006). 
• Optimization Technique: Optimization is a decision-making technique that aims at finding the most 
effective solution by minimizing or maximizing a certain function (e.g. minimizing project cost, 
maximizing transit ridership, etc.) that is controlled by certain constraints. Optimization techniques 
include algorithms such as the Simplex Algorithm and the Combinatorial Algorithm (El-Anwar et. al 
2009). 
5.9.5 Benefit Quantification Techniques  
There is a wide range of benefit quantification techniques that can be used to calculate the monetary value 
of different benefits. A complete review of all methods is beyond the scope of this research, but a brief 
description of some techniques is presented below: 
• The Space-Time Accessibility Measure (STAM) measures the increased accessibility benefits that 
result from different transportation system options. It considers the travel speed and locations 
reachable by different transportation systems as well as the schedules of individuals, in order to 
compute a monetary benefit value for accessibility (Miller and Wu 2000). 
• Input/output analysis deals with the macro impacts of transportation projects on the economy. It 
accounts for the direct and indirect inputs when producing a product or service by analyzing the input-
output matrices of the economy (Surahyo and El-Diraby 2009). 
• The revealed preference method observes how much people pay in money or time for certain services 
or to access different facilities (Litman 2011). 
• Market methods estimate the difference in cost resulting from the availability of goods and services 
based on market transactions.  Economists observe how the good is bought and sold, and in return can 
value that good (US EPA 2000). 
• The impact compensation method aims to compensate the harms imposed on people by other people, 
such as the harm of pollutants imposed on people from others who drive cars (Litman 2011). 
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• The contingent valuation method is a method used when there is no direct way of assigning a value 
for non-monetary benefits. It analyzes stakeholders’ willingness to pay (WTP) to receive the benefit 
under study (Surahyo and El-Diraby 2009, Feng and Wang 2005, Litman 2011). 
• The hedonic pricing method analyzes how environmental impacts affect the values of the surrounding 
properties. For example, if air pollution in an area is significantly decreased, property values increase. 
The hedonic pricing method estimates the difference in value before and after that environmental 
change, in this case decreased air pollution (Surahyo and El-Diraby 2009, Litman 2011, US EPA 
2000). 
• The economic valuation method analyzes the economic gains and losses of transportation projects. It 
evaluates the economic impacts using the change in productivity approach, the opportunity cost 
approach, or the lost earnings approach (Surahyo and El-Diraby 2009). 
• The production function calculates the economic ripple effect of building a new project alternative. 
The monetary value of a benefit is calculated based on its contribution to production processes of a 
service or good that is produced (Tanaka and Monji 2010, EPA 2000). 
• The shadow project approach is a method that is used to estimate benefits that have impacts on the 
habitat, local heritage, and recreational spaces. It compares the impacts of the studied project to a 
hypothetical project that produces lower impacts (Surahyo and El-Diraby 2009). 
5.9.6 Surveying Techniques  
Surveys can be carried out in person, on the phone, by mail, or online. In-person surveying is generally an 
effective surveying technique. Stakeholders can be randomly selected by conducting the survey on the 
street (in the study area), at targeted ‘destination businesses’, during any neighborhood meeting, or during 
public consultation meetings (e.g. open houses or workshops). For phone surveying, stakeholders can be 
reached by dialing random numbers containing the area code of the study area. Mail surveying might 
target study area residents and businesses through direct mailing to individual addresses. Phone and mail 
surveying tend to result in high response rates. However, they exclude commuters, customers, visitors, 
and property owners who are not living in, but travel to and from, the study area. Online surveying, 
similar to in-person surveying, targets a broad range of stakeholders, but has to be well-advertised to 
ensure stakeholder participation; otherwise resulting in a low response rate. Similar to websites, online 
surveying is an ineffective technique whenever stakeholders are web-illiterate or have limited access to 
the Internet (Brabham et al. 2009).  
5.9.7 Benefit Preference Quantification Techniques  
Benefit preference quantification techniques are used to compute stakeholders’ weights for each benefit 
based on the benefit preferences survey results. The author is recommending the use of the analytical 
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hierarchy process (AHP) method. AHP is a useful technique for calculating preferences based on both 
qualitative and quantitative criteria. It has been used in applications ranging from agriculture to sociology 
and is the foremost-used technique for calculating weights due to its methodological way for structuring 
decision problems, weighting criteria, and analyzing judgment consistency (Fazlollahtabar 2010). The 
AHP has been commonly used as a stakeholder-weighting technique in areas such as municipal solid 
waste facility sites and bridge design. 
5.9.8 Sustainable Construction Social Welfare Measures and Indicators 
As mentioned above, an indicator is a quantitative or qualitative factor or variable that measures a specific 
property, result, or condition; where multiple indicators may be combined into a single measure. As such, 
the SC-SWF quantification process uses a set of welfare indicators that are combined into a single 
measure: the SC-SWF, which is a measure of the collective benefit of an alternative. Three main welfare 
analysis indicators are used: 
• An indicator of the central tendency of the benefits to individual stakeholders: the mean value of the 
stakeholder-sensitive benefits to the population of stakeholders.  
• An indicator of the inequality in the distribution of stakeholder-sensitive benefits among stakeholders: 
the Gini coefficient.  
• An indicator of how many stakeholders benefit minimally or insufficiently and by what degree (what 
the author calls ‘poverty of benefit’): the poverty segment.  
 
The SC-SWF quantification process produces a set of Sustainable Construction Social Welfare (SC-SW) 
analysis results. The results consist of a set of tables and figures that represent the indicators and 
measures, including: 1) a table summarizing the results for each alternative, i.e. showing the value of the 
economic, social, and environmental SC-SWF and its indicators (e.g. as per Fig. 11), 2) a set of economic, 
social, and environmental Lorenz curves for each alternative, and 3) a welfare comparison graph that 
displays the contribution of economic, social, and environmental benefits to the collective SC-SWF of 
each alternative in the form of a bar chart. 
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Figure 11: SC-SW analysis result (table format) 
5.10 Axioms 
Axioms are necessary in ontologies since they specify the definitions of concepts and relations and 
constraints on their behavior and interpretation (El-Gohary and El-Diraby 2010). In the SI-Onto, axioms 
are grouped by the different types of processes. The following are examples of the axioms in the SI-Onto: 
• Stakeholder Identification and Profiling Process:  
If a stakeholder lives in the project’s study area, then he is an impacted stakeholder. ∀!"#  !"#$%ℎ!"#$% !   ∧   !"#$%_!"#! !   ∧   !"#$%&' ! ∧ ℎ!" !, ! ∧ ℎ!" !, ! ∧ !"#$%_!" !, !⟶   !"#$%&'(_!"#$%ℎ!"#$%(!)  
 
• Stakeholder Informing Process:  
An impacted stakeholder must be notified of upcoming open house(s). ∀!"#  !"#$%&'(_!"#$%ℎ!"#$% !   ∧   !"#$_ℎ!"#$ ! ∧   !"#$%&' ! ∧ ℎ!" !, !∧ ℎ!"_!"#$$%&_!"!#$ !, ! ∧ !"#"$!(!, !"ℎ!"#$!")   ⟶   !"#$%&_!"  (!, !)  
 
• Stakeholder Concern Capturing Process:  
If a stakeholder has a high level of interest, then he/she must be invited to upcoming workshop(s) to 
capture his/her potential concerns. ∀!"#  !"#$%ℎ!"#$% !   ∧ !"#$%ℎ!" !   ∧   !"#$%&' ! ∧ ℎ!" !, ! ∧ ℎ!"_!"#$$%&_!"!!" !, !   ∧ ℎ!"_!"#$%$&#_!"#"! !,!"#ℎ ∧ !"#"$!(!, !"ℎ!"#$!")   ⟶   !"#!$%_!"  (!, !)   
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• Alternative Generation Process:  
Stakeholder input should be considered during the development of alternatives.  ∀!"#$  !"#$%ℎ!"!"# !   ∧   !"#$% !   ∧   !"#$%&' ! ∧ ℎ!" !, !   ∧ ℎ!" !, !∧ !"#$%!&'(#_!"#"$%&'(#_!"#$%&& ! ∧   !"#$_!" !, !   ⟶ !"#$%&'(_!"#$%&(!, !)   
 
• Stakeholder-Neutral Benefit Quantification Process:  
Reduced emission-induced mortality is equal to the number of lives saved multiplied by the value of a 
statistical life. ∀!,!,!,!,!"#$%,!,!  !"#$%&!#'($ !   ∧ !"#$%ℎ!"#$%_!"#$%&'_!"#"$%&   ! ∧ !"#$%&'   ! ∧ ℎ!"   !, !∧ !"#$%_!"_!"#"$!"$%#&_!"#$ ! ∧ ℎ!"_!"#$% !, ! ∧ ℎ!"_!"#$%& !, !, !"#$% ∧ != !"#$%"#_!"#$$#%&$_!"#$%&#_!"#$%&'$( ∧ !"#$%&#_!"_!"#$%_!"#$%(!, !)   ⟶ !"#$%&#'(!"#$%, !  , !)    
• Stakeholder Benefit Preference Capturing Process:  
All stakeholders should be invited to fill out the benefit preference survey. ∀!"#  !"#$%ℎ!"#$% !   ∧   !"#"$%&_!"#$#"#%&#_!"#$%& !   ∧   !"#$%&' ! ∧ ℎ!" !, !   ∧ !"#$_!"#(!, !)⟶   !"#!$%&_!"_!"##_!"#(!, !)  
 
• Stakeholder Benefit Preference Quantification Process: 
All completed surveys are processed for calculation of stakeholder benefit preferences. ∀!"#    !"#$%ℎ!"#$% !   ∧   !"#"!"#_!"#$#"#%&#_!"#$%& ! ∧   !"#$%&' ! ∧ ℎ!" !, !∧ !"#$_!"#(!, !) ∧   !"##$%(!, !)   ∧ ℎ!"_!"#"$! !,!"#$%&'&⟶   !"#$%&&_!"#$%&#_!"(!)  
 
• SC-SWF Quantification Process: 
The SC-SWF is equal to: !"_!"#!" =    !! !!"#!!!! ×   1  –!!" −   !   !! max 0, !!" −   !!"#!!!!  ∀!,!,!,!,!,!   !"#$%&!#'($ ! ∧   !"#"$%&(!) ∧ ℎ!"_!"#$_!"#$%_!"#_!"#$%&!#'($ !, !, !∧ ℎ!"_!"#$%&'_!"#$"%&_!"#_!"#$!"#$%&'(!, !, !)   ∧ ℎ!"_!"#"_!"#_!"#$%&!#'($(!, !, !)   ⟶ ℎ!"_!"_!"#_!"#_!"#$%&!#'($  (!,!, !, !, !, !)  
 69 
5.11  Ontology Coding 
The SI-Onto was coded in the following manner: 
• The SI-Onto classes and relations were visually modeled using class diagrams of the Unified 
Modeling Language (UML). UML is a language that unifies several visual notations and modeling 
techniques for systems design (Ma et. al 2011). Class diagrams show the classes of a system class, 
their attributes, and their interrelationships (Ma et. al 2011). The SI-Onto classes and relations were 
then coded using a free open source ontology editor and knowledge-base framework, Protégé (Protégé 
2011). Protégé supports modeling ontologies in Web Ontology Language (OWL). Using Protégé, 
properties and sub-properties were modeled as follows:  
• The classes and sub-classes of the SI-Onto were represented into a superclass-subclass hierarchy.  
• The SI-Onto relations were represented through ‘existential property restrictions’ and ‘necessary 
conditions’ (El-Gohary and El-Diraby 2011, Horridge et. al 2004): 
• Existential property restrictions limit the individuals that belong to a certain class. They 
specify “the existence of a (i.e. at least one) relationship along a given property to an 
individual that is a member of a specific class” (Horridge et. al 2004). 
• Necessary conditions create restrictions on members of a class by setting a certain rule: any 
member of this certain class has to fulfill the conditions stated. 
• Axioms were coded in First Order Logic (FOL), which is a formal language for rule representation. In 
Protégé, some axioms were coded using Semantic Web Rule Language (SWRL). Axioms with 
advanced mathematical calculations (e.g. matrices, graphs, integration) were not coded using SWRL, 
due to the limited expressivity of the SWRL. 
Fig. 12 shows a snapshot of the Protégé interface. The superclass-subclass hierarchy is shown on the left-
hand-side of the screen. The right-hand-side of the screen shows the relations of the ‘stakeholder’ class 
modeled using ‘existential property restrictions’ and ‘necessary conditions’. For example, a ‘stakeholder’ 
has ‘some’ ‘stakeholder concern’. 
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Figure 12: Protégé snapshot of the 'stakeholder' class 
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CHAPTER 6: PROTOTYPE SOFTWARE 
The purpose, intended users, and intended use of the prototype software are: 
• Purpose: The purpose of the prototype is to implement the decision-making analysis method for 
stakeholder-sensitive, sustainability-oriented benefit analysis of infrastructure projects and the SI-
Onto in a user-friendly and automated tool. 
• Intended users and intended use: The intended users of the prototype are stakeholders of 
infrastructure projects (e.g. residential property owners, commercial property owners, business 
improvement associations, interest groups, transportation professionals, transportation service 
providers, etc.). The prototype is intended to be used as a decision-making support system for 
conducting stakeholder-sensitive, sustainability-oriented benefit analysis of infrastructure project 
alternatives, and providing stakeholders with analytical results that aid in selecting the alternative 
that maximizes their collective benefits. 
 
A requirement analysis was conducted in order to describe the main functions and usability needs of the 
software. The main requirements identified are: 
• Computational Engine: Given the broad requirements of the intended software and the existence of a 
plethora of languages capable of satisfying these requirements, the ease of installation of the final 
prototype and its compatibility with most end-users' systems are major determinants of what 
computational engine and user-interface programming language to use. In particular, while 
computational engines such as MATLAB and Mathematica are viable options to use, they are not 
tools that are commonly used by the intended end-users of the software hence choosing one of them 
will add the burden of installation for the end-user as well as the burden of obtaining licenses or at 
least installing needed libraries (dynamic linked libraries (.dll files) in the case of MATLAB for 
example) for the final software to run. As such, Microsoft Excel was chosen because of its ability to 
implement mathematical operations in a fast and efficient manner and because the author believed 
that it is safe to assume that it is a program that is very prevalent, easy to obtain, and commonly used 
by the intended users of the software. 
• Programming language for user interfaces: Given that Microsoft Excel was chosen for programming 
mathematical operations (e.g. to calculate the values of the SC-SWF and its social welfare indicators), 
a programming language that easily interfaces with Microsoft Excel is required.  In other words, 
graphical user interfaces (GUIs) that accept users’ inputs, pass them to Microsoft Excel, and visually 
display the final analysis results obtained from Excel in the form of tables and graphs need to be built. 
As such, Visual Basic .NET (VB.NET) was chosen as the programming language for user interfaces 
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because of its ability to easily interface with Microsoft Excel and its ease in accepting users’ inputs 
and visually displaying the final analysis results. 
• Reliability: The software has to consistently and predictably perform the required software functions 
with 100% accuracy.  
• Operational Efficiency: The software has to run efficiently, on standard hardware, and without the 
need for much memory and processing time. 
• User-Friendly Interfaces: The interfaces of the software have to be intuitive and easy to use.  
 
The SI-Onto was implemented using an ontology-based prototype software. The software serves as a 
computer-aided, semantic tool for conducting stakeholder-sensitive analysis of a set of transportation 
project alternatives. A case study was utilized to test and demonstrate the software (Section 7.3). The 
software is composed of four modules (as per Fig. 13): 
• Input Capturing Module (incorporates stakeholder benefit preference capturing and stakeholder 
identification and profiling processes): The capturing input module captures input from stakeholders 
and project/system administrator. The module performs the following functions: 
• Capturing and saving stakeholder personal information, including contact information and 
stakeholder profiling data (2). 
• Capturing and saving stakeholder pair-wise comparisons of benefits using an electronic survey 
(3). 
• Capturing and saving the stakeholder-neutral benefit values of each alternative (as a direct input 
by the system administrator) (5). Note that the automatic quantification of stakeholder-neutral 
benefits is outside the scope of the prototype. This module may be added as a future extension to 
the prototype.  
• Capturing and saving the values of the poverty line and the poverty multiplier (λ) as inputs by the 
system administrator (4). 
• Benefit Quantification Module (incorporates stakeholder benefit preference quantification and 
stakeholder-sensitive benefit quantification processes): This module performs two main functions, in 
an automated manner: 
• Calculating stakeholder benefit preferences (8) in the form of weights using the AHP method and 
the survey results as inputs (6). 
• Calculating the stakeholder-sensitive benefits for each stakeholder for each project alternative (9) 
based on the benefit preference weights (8) and stakeholder-neutral benefit values (7). 
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• SC-SWF Quantification Module (incorporates SC-SWF quantification process): This module uses the 
stakeholder-sensitive benefits (11) and poverty segment variables (10) as inputs to perform five main 
functions:  
• Plotting the economic, social, and environmental Lorenz curves of each project alternative based 
on the values of the stakeholder-sensitive benefits. 
• Calculating the economic, social, and environmental Gini coefficients of each project alternative 
based on the Lorenz curves. 
• Calculating the economic, social, and environmental mean stakeholder-sensitive benefit values of 
each project alternative. 
• Calculating the economic, social, and environmental poverty segments of each project alternative 
based on the values of the stakeholder-sensitive benefits.  
• Calculating the economic, social, and environmental SC-SWFs and the overall SC-SWF of each 
project alternative based on the Gini coefficients, mean stakeholder-sensitive benefit values, and 
poverty segments (12). 
• Presentation Module: This module displays the analysis results (13) in a visual manner. The functions 
of this module are: 
• Displaying the welfare analysis table, which summarizes the results of each alternative, i.e. shows 
the values of the economic, social, and environmental SC-SWFs and their indicators for each 
alternative. 
• Displaying the economic, social, and environmental Lorenz curves of each alternative. 
• Displaying the welfare comparison graph, which visually depicts, in the form of a bar chart, the 
contribution of the economic, social, and environmental benefits to the collective SC-SWF of 
each alternative. 
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Figure 13: Prototype software modules  
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CHAPTER 7: EVALUATION AND CASE STUDIES 
7.1 Evaluation 
7.1.1 Evaluation of the Decision-Making Analysis Method for Stakeholder-Sensitive, 
Sustainability-Oriented Benefit Analysis of Infrastructure Project Alternatives (SSBA Method) 
The SSBA Method was tested/evaluated using the following three evaluation techniques: 
• A set of possible cases/scenarios: A set of possible cases/scenarios of stakeholder benefit preferences 
and stakeholder-neutral benefits values were defined. The SSBA method was tested using these 
different values to ensure the reliability of the method in different cases/scenarios. For example, 
different stakeholder benefit profiles were analyzed using the SC-SWF and other social welfare 
functions to compare the results and find out the reliability of the SC-SWF in selecting the alternative 
that maximizes the collective benefits to all stakeholders. In all cases, the SC-SWF was found to be 
the ‘best’ tool for analyzing project alternatives in a stakeholder-sensitive and fair manner. 
• Implementing the SSBA method in a prototype software: The SSBA method was implemented in a 
prototype software to further ensure the reliability of the method (the prototype software was tested as 
mentioned in Section 7.1.3). Creating a software that implements the method made it possible to 
efficiently evaluate the method using a larger number of stakeholders and project alternatives. 
• Case studies: Two different case studies (Sections 7.2 and 7.3) were analyzed using the SSBA 
method: 
• Hypothetical case study: The hypothetical case study includes different conditions and 
characteristic alternatives that would, typically, be generated for a street improvement project. A 
hypothetical case study was used for illustrating the methodology for the following reasons:  
• Stakeholder preferences are, typically, not captured for street improvement projects; and thus 
stakeholder preferences data will be unavailable for an actual existing project.  
• The majority of street improvement projects do not examine all the benefits of different 
project alternatives in depth.  
• Real-life case study: The real-life case study aims at illustrating how the methodology would be 
used in a real-life project. The Elgin O’Hare West Bypass project was selected because of its 
relative complexity and the availability of data/information on that project. This aids in 
illustrating how the methodology would compare to real-life results. 
The results of the analysis illustrated the following: 
• The effectiveness of Pareto screening by showcasing the relatively minimal SC-SWF value of an 
already Pareto-dominated alternative. 
 76 
• The alternative with the highest SC-SWF is not necessarily the alternative that has the highest 
mean benefit value, the lowest Gini coefficient, or the lowest poverty segment. As such, none of 
the three indicators (mean benefit value, inequality in benefit distribution, and poverty of benefits) 
can be exclusively used to measure the collective benefit of a project alternative; they all have to 
be combined in one measure. 
7.1.2 Evaluation of the SI-Onto 
The SI-Onto was evaluated using consistency checking and answering competency questions: 
• Consistency Checking: An ontology is inconsistent if two contradicting statements are entailed by the 
ontology. The SI-Onto was automatically checked for consistency using Pellet (a built-in consistency 
checker in Protégé). The results of the automated consistency checking indicate that the ontology is 
consistent (i.e. there are no inconsistencies). 
• Competency Questions: The SI-Onto was checked for its conformance to the pre-defined competency 
questions. Classes, relations, and axioms were checked in order to find if they would – jointly – 
answer the competency questions. This was done manually by the author. The check concluded that 
all the competency questions were answered correctly. 
7.1.3 Evaluation of the Prototype Software 
The prototype software was evaluated using a set of test cases and a real case study: 
• Test Cases: A set of 150 test cases were designed to test the software in terms of reliability and 
consistency. The test cases were designed to test: 
• If stakeholder input regarding benefit preferences was correctly captured 
• If stakeholder benefit preferences were calculated in a correct manner using the AHP 
• If stakeholder-neutral benefits were recorded correctly from user input 
• If stakeholder-sensitive benefits were calculated correctly 
• If the SC-SWF and its indicators were calculated correctly 
• If all products (graphs, charts) were presented to the user in a clearly visible manner 
After a set of debugging and testing iterations, the prototype software passed the testing phase (i.e. 
passed all 150 test cases). A graph summarizing the iterations of testing is shown in Fig. 14. 
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Figure 14: Results of test cases using the prototype software 
• Case study: The second case study (Section 7.3) was conducted to test and evaluate the prototype 
software. The software was found to meet the requirements listed in the requirement analysis: 
• The software was found to provide reliable results. 
• The software was found to run efficiently (in terms of memory and processing time). 
7.2 Hypothetical Case Study 
This case study is hypothetical; yet, it is based on a set of actual transportation projects. As such, the case 
study includes different conditions and characteristic alternatives that would, typically, be generated for a 
street improvement project. The hypothetical case study was developed for illustrating the methodology 
for a number of reasons. First, stakeholder preferences are, typically, not captured for street improvement 
projects; and thus stakeholder preferences data will be unavailable for an actual existing project. Second, 
the majority of street improvement projects do not examine all the benefits of different project alternatives 
in depth. For example, they typically don’t quantify non-monetary benefits into monetary values. As such, 
the use of a hypothetical case study would be more effective in illustrating the proposed methodology by 
incorporating a variety of benefits. 
7.2.1 Project Background 
The project under study takes place in the city of Indianapolis, IN. Congestion in the downtown area is 
increasing rapidly and one major street, Meridian Street, is constantly being blocked by the increasing 
traffic in the area. Meridian Street is a major residential and commercial thoroughfare as well as a pivotal 
transportation link to the highway connecting the city to Indianapolis Airport. The downtown area 
employs almost half the population of Indianapolis, but congestion and the lack of a faster transportation 
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means to reach downtown from surrounding areas have been major concerns to the residents. Indianapolis 
is the largest city in Indiana with an urban population of around 1.2 million. Meridian Street is a 6-lane 
divided street that runs through the middle of Indianapolis to the interstate that leads to the airport. 
Increasing traffic in the area has made Meridian Street extremely congested with an average speed of 
vehicles of around 10 mph during peak hours. Residents have demanded a shorter commute to the 
downtown area and to the airport, and studies were conducted to find the different alternatives of making 
Meridian Street less congested. 
7.2.2 Stakeholder Involvement and Benefit Preferences Capturing 
Involving the stakeholders in order to find out their preferences at this stage is essential. The goal of this 
project is to relieve the congestion that the stakeholders experience. The means of achieving this goal 
should reflect the preferences of the stakeholders. As a result, public meetings and workshops were 
conducted to capture stakeholder input on their concerns and preferences. Surveys were used to collect 
stakeholder input about their benefit preferences – using pair-wise comparisons. Surveys were distributed 
to the people going through Meridian Street every day: the commuters, the storeowners, the workers, the 
residents, and anyone who passed through the area. The surveys were also mailed randomly to the 
residents of Indianapolis and phone surveys were also conducted. An example of a survey filled out by 
resident John Smith (hypothetical name used here) is shown in Fig. 15. For simplification, the remainder 
of the case study focuses on economic benefits; social and environmental benefit preferences are 
calculated in the same manner. 
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Figure 15: Sample survey (partial part of the survey showing 'economic benefits' section) 
 
Based on the results of the pair-wise comparisons by John Smith, the benefit preferences (weights) of 
John Smith were calculated using the AHP (partially shown in Fig. 16). It can be observed that John 
Smith’s main preference is economic benefits, with a 63.7% weight as compared to 25.8% and 10.5% for 
social and environmental benefits, respectively. Within economic benefits, John Smith prioritizes 
financial benefits over economic improvement, 75% and 25%, respectively. These weights reflect John 
Smith’s benefit preferences for each benefit in the benefit hierarchy. A similar analysis was conducted for 
all other stakeholders to define their benefit preferences.  
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Figure 16: Benefit preferences (weights) of John Smith (hypothetical name) – partial figure showing 
economic benefits 
 
7.2.3 Generation of Project Alternatives 
After conducting workshops and public meetings, the following project alternatives were generated: 
• Alternative 1 – Do Nothing: This alternative does not include any significant transportation 
improvements, but accounts for the much needed maintenance operations on Meridian Street. The 
estimated cost of this alternative is $10 million. 
• Alternative 2 – Minor Transportation Improvements: This alternative takes into account the 
maintenance in Alternative 1, but adds to it the change of traffic operations in some locations, e.g., 
changing the signal timing of stoplights, adding or removing certain right/left turns, and 
restricting/allowing access to Meridian Street at certain locations along its length. The estimated cost 
of this alternative is $15 million. 
• Alternative 3 – Installing Streetcar on Meridian Street: This alternative changes the current cross-
section of the street and adds a streetcar in the middle. The streetcar lanes will take the space allocated 
by the two middle lanes to allow for streetcars to run in both directions. The streetcar will be 
connected to the rest of the public transit system in the city.  The estimated cost of this alternative is 
$110 million. 
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• Alternative 4 – Road Widening: This alternative involves the widening of Meridian Street by adding 
two lanes (one lane running in each direction). The road widening will be achieved by decreasing the 
barrier between the two directions and reducing the width of the sidewalks. This could possibly have 
a negative impact on pedestrians. The estimated cost of this alternative is $50 million. 
• Alternative 5 – Building an expressway parallel to Meridian Street towards Indianapolis Airport: This 
alternative involves building an expressway running parallel to Meridian Street all along its length. 
This should relieve the congestion on Meridian Street and provide a faster way for people to reach the 
airport. The estimated cost for this alternative is $200 million. 
7.2.4 Stakeholder Benefit Assessment 
After generating the project alternatives, an expert analysis was conducted to analyze and quantify the 
stakeholder-neutral benefits of each alternative using the respective quantification analysis techniques. 
Table 10 shows the stakeholder-neutral economic benefits (and sub-benefits) of each alternative. 
 
Table 10: Stakeholder-Neutral Economic Benefits of Alternatives 
 
The benefits to each stakeholder from every alternative were then calculated based on the stakeholder’s 
preference weights and the stakeholder-natural benefits. Following with the example of John Smith, the 
economic benefits to John Smith from each alternative are shown in Table 11. For example, the 
‘Employment Benefit’ of Alternative 2 is valued at $3.57 million considering John’s viewpoint 
(Employment Benefit for John Smith for Alternative 2 = $5million x 0.714 = $3.57million). Based on the 
results of the analysis (Table 11), it can be seen that Alternative 3 is the most beneficial alternative - in 
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terms of economic benefits - from John’s point of view. A similar analysis was conducted for the social 
and environmental benefits considering John Smith’s point of view (benefit preferences); and a similar 
analysis was also conducted for all other stakeholders to define their stakeholder-sensitive benefits. 
Assuming there are only 10 stakeholders (for the sake of simplification), the stakeholder-sensitive benefit 
profile for the project is shown in Table 12. For example, from the point of view of stakeholder #5, the 
economic benefit from Alternative 4 (road widening) is $15.07 million. 
 
Table 11: John Smith's Stakeholder-Sensitive Economic Benefits of Alternatives 
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Table 12: Stakeholder Benefit Profile 
 
7.2.5 Initial Pareto Screening of Project Alternatives 
It was found that Alternative 1 is a Pareto-dominated solution; it is dominated by Alternative 2. This is 
easily demonstrated when studying the benefits to all stakeholders from these two alternatives. Every 
stakeholder benefits more from Alternative 2 than Alternative 1 – in each of the three benefit categories: 
the economic, social, and environmental. Therefore, Alternative 1 was eliminated without further analysis. 
7.2.6 Evaluating Project Alternatives Using the Proposed SC-SWF 
In order to calculate the economic, social, and environmental Gini coefficients of each alternative, a set of 
respective Lorenz curves were developed: one curve for each TBL type of benefits (economic, social, and 
environmental) for each alternative. Each Lorenz curve is normalized and shows the cumulative benefits 
to each stakeholder as a percentage of the total benefits of all stakeholders combined.  For example, the 
economic benefit Lorenz curves for all alternatives are shown in Fig. 17. The perfect equality line depicts 
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a perfect distribution of benefits among stakeholders (a hypothetical alternative where all stakeholders 
gain the exact same benefit from constructing that alternative). The Gini coefficient is calculated by 
dividing the area between an alternative’s Lorenz curve and the perfect equality line by the total area 
under the perfect equality line. The poverty segments of the SC-SWFs (!   !! max 0, ! !! !!" −!!!!  !!" ) were calculated using a value of 1 and 0.5 for ! and !, respectively. A value of 1 for ! was chosen 
to incorporate the poverty of benefits in the SC-SWF, but not to over-emphasize it. Selecting a value of 
1.0 is reasonable since selecting a lower value would make the SC-SWF focus more on mean benefits and 
inequality, and selecting a value higher than 1.0 would make the SC-SWF focus more on poverty as 
compared to other indicators. A value of 0.5 for ! means that any stakeholder who benefits from an 
alternative less than half the mean benefit value is considered under the benefit poverty line. A summary 
of the calculation results and the corresponding SC-SWFs of alternatives are provided in Table 13. Note 
that it was unnecessary to analyze Alternative 1 since it was eliminated as a result of the initial Pareto 
screening. However, it was included in Table 13 to illustrate the effectiveness of Pareto screening by 
showcasing the relatively minimal SC-SWF value of Alternative 1.  
 
According to the results (Table 13), Alternative 3 (with a SC-SWF of $41.84 million) is the alternative 
that maximizes the collective benefits of all stakeholders, followed by Alternative 5 (with a SC-SWF of 
$37.94 million). Notice that Alternative 3 is not the alternative that has the highest mean benefit value, the 
lowest Gini coefficient, or the lowest poverty segment among the five alternatives. For example, note the 
following: 
• Alternative 4 has lower economic, social, and environmental poverty segments, as well as lower 
economic, social, and environmental Gini coefficients. Although this indicates that Alternative 4 
represents a fairer alternative, it does not offer a higher collective welfare than Alternative 3. That is a 
result of Alternative 4 having a lower mean economic, social, and environmental benefit value. The 
differences in the Gini coefficients and poverty segments between Alternatives 3 and 4 are not large 
enough to make the collective welfare of Alternative 3 lower than the collective welfare of 
Alternative 4. This illustrates how inequality and poverty cannot be examined separately when 
studying collective welfare.  
• Alternative 5 has a higher mean economic benefit value than Alternative 3. However, Alternative 3 
has a higher collective economic welfare than Alternative 5 ($12.59 million as opposed to $12.21 
million) because Alternative 5 has a significantly higher Gini coefficient and poverty segment. As 
such, inequality and poverty contributed significantly in the analysis to provide a low economic SC-
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SWF for Alternative 5. This example illustrates that the mean benefit value cannot express the 
collective welfare of a group of stakeholders alone.  
• Alternative 3 has a slightly higher mean environmental benefit value than Alternative 5, and as such, 
inequality and poverty were the main factors affecting which alternative has a higher environmental 
SC-SWF. Since Alternative 5 has a lower Gini coefficient and poverty segment, Alternative 5 has a 
higher environmental SC-SWF than Alternative 3.  
• Overall, Alternative 5 has a higher mean benefit value of $21.30 million  (economic, social, and 
environmental combined), as opposed to $20.71 million for Alternative 3. However, due its unfairness 
to stakeholders (in terms of inequality in benefit distribution and benefit poverty), the SC-SWF value 
of Alternative 3 is higher.  
As such, from this example, it can be concluded that: 
• None of the three indicators (mean benefit value, inequality in benefit distribution, and poverty of 
benefits) can be exclusively used to measure the collective benefit of a project alternative; they all 
have to be combined in one measure. 
• The effectiveness of Pareto screening by showcasing the relatively minimal SC-SWF value of an 
already Pareto-dominated alternative (Alternative 1). 
 
 
 
Figure 17: Economic Lorenz curves for alternatives 
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Table 13: Social Welfare of Project Alternatives 
 
 
 
 
7.3 Elgin O’Hare West Bypass Case Study 
The purpose of this case study is to illustrate the proposed methodology, test the ontology-based 
prototype, and test the use of the methodology in analyzing a real transportation project: the Elgin O’Hare 
West Bypass project. The project was selected because of its relative complexity and the availability of 
data/information on that project. The analysis of project alternatives using the SC-SWF was carried out; 
and a comparison between the results of this analysis and that completed by the authorities is presented.  
7.3.1 Project Background 
The Elgin O’Hare West Bypass (EOWB) project began in 2007 by the Illinois Department of 
Transportation (IDOT) and the Federal Highway Administration (FHWA). The project studies 
transportation problems in a 127- square mile area west of O’Hare International Airport in Chicago, IL. 
The study area, shown in Fig. 18 (IDOT and FHWA 2010), includes major transportation facilities 
(O’Hare International Airport, several freeways, transit facilities, and freight rail service) and is the 
second largest employment base in the Chicago metropolitan area. Due to its transportation facilities and 
employment importance, 18% of all the Chicago metropolitan region vehicle trips occur in the study area. 
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As a result, there is severe traffic congestion, traffic delays, and thus reduced travel efficiency in this area. 
The Elgin O’Hare West Bypass project aims at achieving the following (IDOT and FHWA 2010): 
• Improving regional and local travel by reducing congestion 
• Improving travel efficiency 
• Improving access to O’Hare International Airport form the west 
• Improving modal opportunities and connections 
 
The project was divided into two phases (Tier One and Tier Two). Tier One focuses on evaluating 
transportation problems, analyzing alternative solutions, and identifying the preferred alternative based on 
technical analyses and stakeholder input. Tier One was completed on June 17, 2010 and Tier Two began 
shortly after and is planned to be completed in 2012. Tier Two focuses on developing detailed engineering 
designs and environmental studies for the preferred alternative. This case study focuses on Tier One; the 
proposed ontology-based system was used for analyzing the alternative solutions. 
 
Figure 18: Elgin O'Hare West Bypass study area 
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7.3.2 Project Alternatives 
The actual process of developing and evaluating project alternatives (as conducted by the EOWB project 
planning staff) included technical analyses and stakeholder involvement, and consisted of four modules 
(IDOT and FHWA 2010): 
• Module 1: A workshop was conducted to collect stakeholder input and identify their needs for 
roadway and transit improvements in the study area. Based on stakeholder input, 15 project 
alternatives were generated. 
• Module 2: Travel performance analyses were conducted to identify the alternatives that would satisfy 
the identified needs of the stakeholders. As a result, five alternatives were eliminated, leaving 10 for 
further detailed analysis in Module 3. 
• Module 3: An initial environmental and socioeconomic analysis was conducted. Accordingly, 
alternatives were compared based on the following criteria: travel performance, initial costs, 
environmental impacts, and socioeconomic impacts. As a result of the analysis, eight project 
alternatives that had high negative socioeconomic impacts were eliminated, and two build 
alternatives (in addition to a “no action” alternative) were carried on to Module 4. 
• Module 4: More detailed analyses of the travel performance, social and environmental impacts, and 
economic benefits of the two build alternatives were conducted. At the end of module 4, a preferred 
alternative was selected. 
 
For this case study, the three shortlisted project alternatives (the two build and the “no action” alternative) 
that were developed by the end of module 3 were analyzed using the SC-SWF. In order to quantify the 
stakeholder-neutral benefits of a specific alternative, detailed information about that alternative are needed 
(e.g. the initial cost of the project, the capacity of the transportation system, the planned schedule, the 
travel speed of and locations reachable by the transportation alternative, etc.). Such information was only 
available for the shortlisted three alternatives; and as such the initial alternatives were not included in this 
analysis. The following is a brief description of the three shortlisted alternatives (IDOT and FHWA 
2010): 
• No Action Alternative: Consists of minor transportation improvements to be completed by 2030, 
including 80 lane miles of additional roadway, rehabilitation of 135 lane miles of roadways, 54 
interchange/intersection location improvements, and minor bus and rail transit improvements. 
• Alternative 203: Consists of extending the Elgin O’Hare Expressway between I-290 to the O’Hare 
West Bypass, widening I-90, providing 10 service interchanges, and improving current roadway. The 
alternative would increase the regional travel efficiency in the study area by 10%, decrease 
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congestion on secondary roadways by 15.2%, improve O’Hare access from the west by 49%, and 
increase transit trips by 37%. 
• Alternative 402: Consists of similar improvements to those of Alternative 203, but with the following 
differences: in Alternative 203, the STAR Line and the freeway would share the corridor, while 
Alternative 402 provides an arterial improvement that cannot accommodate STAR Line because of 
limited width of the freeway. This alternative would increase the regional travel efficiency in the 
study area by 8%, decrease congestion on secondary roadways by 12.3%, improve O’Hare access 
from the west by 47%, and increase transit trips by 34%. 
7.3.3 Stakeholder Benefit Preference Capturing Process 
The stakeholder benefit preference capturing process was conducted with the aid of in-person surveys. 
The author attended a public meeting (open house) for the EOWB project on April 5, 2011. At the open 
house, stakeholders were requested to fill out a 20-minute survey containing pair-wise comparisons 
between benefits. A screenshot of the electronic survey is shown in Fig. 19 (adding a new stakeholder to 
the system – for privacy reasons a hypothetical name is shown) and Fig. 20 (stakeholder filling out the 
survey – a user can zoom to view the benefit hierarchy in detail). A total of 10 stakeholders completed the 
surveys during the meeting, with a response rate of 5%. The low response rate is attributed to the fact that 
stakeholders knew that the survey results would not impact the design of the project (given that a 
preferred alternative was already selected and that the survey was mainly conducted for research 
purposes). Stakeholders expressed that they would be interested to fill out the survey if its results would 
be used in an actual analysis of the alternatives.   
 
Figure 19: Software snapshot - adding a new stakeholder to the system 
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Figure 20: Software snapshot - stakeholder inputting benefit preferences 
7.3.4 Stakeholder Benefit Preference Quantification Process 
Quantifying the benefit preferences (weights) of the 10 stakeholders based on their pair-wise comparison 
results was automatically conducted using the AHP method (a stakeholder benefit preference 
quantification technique). A summary of stakeholder benefit preferences is shown in Table 14 The table 
shows the wide diversity of stakeholder preferences and how stakeholders may perceive the benefits of 
transportation projects differently. For example, three stakeholders consider economic benefits the most 
important among the three higher level benefits, two stakeholders consider social benefits to be the most 
important, and three stakeholders consider environmental benefits the most important among the three 
benefit categories. Furthermore, some stakeholders have minimal preference for environmental benefits 
(e.g. stakeholder 1, having an environmental benefit preference of 0.08), others for social benefits 
(stakeholder 4), and others for economic benefits (stakeholder 10). Note however that these results are 
statistically insignificant (because of the small sample size); the results are presented here just to show the 
possible diversity in stakeholder preferences, rather than to draw conclusions about actual preferences. 
Similarly, the main intent of the case study is to illustrate the proposed methodology and test the 
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ontology-based prototype, rather than actually assess the preferences of project stakeholders. In an actual 
scenario, a larger sample of project stakeholders needs to participate in the process.  
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Table 14: Stakeholder Benefit Preferences 
Benefit	   Stakeholder	  
1	   2	   3	   4	   5	   6	   7	   8	   9	   10	  
Economic	  Benefit	   0.685	   0.429	   0.143	   0.151	   0.600	   0.319	   0.594	   0.221	   0.114	   0.053	  
Financial	  Benefit	   0.500	   0.500	   0.250	   0.143	   0.167	   0.250	   0.167	   0.167	   0.500	   0.833	  
Project	  Cost	  Saving	   0.833	   0.500	   0.250	   0.125	   0.100	   0.100	   0.100	   0.250	   0.250	   0.250	  
Initial	  Cost	  Saving	   0.281	   0.778	   0.221	   0.072	   0.080	   0.333	   0.218	   0.600	   0.185	   0.091	  
Operation,	  Maintenance	  &	  Repair	  Cost	  Saving	   0.135	   0.042	   0.460	   0.626	   0.234	   0.333	   0.067	   0.200	   0.659	   0.455	  
Financing,	  Tax,	  Replacement	  &	  Salvage	  Cost	  Saving	   0.584	   0.180	   0.319	   0.301	   0.685	   0.333	   0.715	   0.200	   0.156	   0.455	  
User	  Financial	  Benefit	   0.167	   0.500	   0.750	   0.875	   0.900	   0.900	   0.900	   0.750	   0.750	   0.750	  
User	  Travel	  Time	  Saving	   0.500	   0.100	   0.750	   0.333	   0.833	   0.500	   0.750	   0.667	   0.500	   0.500	  
User	  Vehicle	  Cost	  Saving	   0.500	   0.900	   0.250	   0.667	   0.167	   0.500	   0.250	   0.333	   0.500	   0.500	  
Economic	  Improvement	   0.500	   0.500	   0.750	   0.857	   0.833	   0.750	   0.833	   0.833	   0.500	   0.167	  
Microeconomic	  Improvement	   0.125	   0.500	   0.250	   0.111	   0.167	   0.100	   0.250	   0.667	   0.500	   0.100	  
Business	  Improvement	   0.500	   0.900	   0.500	   0.250	   0.500	   0.500	   0.900	   0.500	   0.750	   0.900	  
Increased	  Accessibility	  to	  Business	   0.234	   0.778	   0.429	   0.158	   0.333	   0.333	   0.333	   0.637	   0.333	   0.049	  
Decreased	  Business	  Operating	  Expense	   0.080	   0.180	   0.143	   0.076	   0.333	   0.333	   0.333	   0.105	   0.333	   0.642	  
Decreased	  Economic	  Traffic	  Congestion	  Loss	   0.685	   0.042	   0.429	   0.766	   0.333	   0.333	   0.333	   0.258	   0.333	   0.309	  
Increased	  Household	  Affordability	   0.500	   0.100	   0.500	   0.750	   0.500	   0.500	   0.100	   0.500	   0.250	   0.100	  
Increased	  Transportation	  Affordability	   0.500	   0.100	   0.500	   0.250	   0.500	   0.900	   0.833	   0.750	   0.250	   0.250	  
Increased	  Housing	  Affordability	   0.500	   0.900	   0.500	   0.750	   0.500	   0.100	   0.167	   0.250	   0.750	   0.750	  
Macroeconomic	  Improvement	   0.875	   0.500	   0.750	   0.889	   0.833	   0.900	   0.750	   0.333	   0.500	   0.900	  
Employment	  Benefit	   0.080	   0.042	   0.600	   0.729	   0.333	   0.333	   0.797	   0.600	   0.714	   0.818	  
Asset	  Appreciation	   0.685	   0.778	   0.200	   0.109	   0.333	   0.333	   0.151	   0.200	   0.143	   0.091	  
Trade	  Benefit	   0.234	   0.180	   0.200	   0.163	   0.333	   0.333	   0.052	   0.200	   0.143	   0.091	  
Social	  Benefit	   0.234	   0.429	   0.714	   0.052	   0.200	   0.460	   0.249	   0.319	   0.405	   0.474	  
Health	  &	  Safety	  Benefit	   0.685	   0.333	   0.110	   0.780	   0.808	   0.333	   0.290	   0.268	   0.333	   0.429	  
Accident	  Reduction	   0.576	   0.250	   0.317	   0.232	   0.565	   0.232	   0.234	   0.113	   0.158	   0.168	  
Promoting	  Active	  Transportation	   0.258	   0.250	   0.183	   0.028	   0.222	   0.134	   0.524	   0.276	   0.092	   0.097	  
Reduced	  Emission-­‐Induced	  Mortality	  Risk	   0.052	   0.250	   0.183	   0.655	   0.128	   0.402	   0.154	   0.306	   0.475	   0.662	  
Reduced	  Emission-­‐Induced	  Morbidity	  Risk	   0.115	   0.250	   0.317	   0.085	   0.084	   0.232	   0.089	   0.306	   0.275	   0.074	  
Cultural	  &	  Community	  Benefit	   0.080	   0.333	   0.567	   0.050	   0.130	   0.333	   0.055	   0.117	   0.333	   0.429	  
Cultural	  Resource	  Preservation	   0.494	   0.140	   0.079	   0.343	   0.112	   0.065	   0.066	   0.232	   0.195	   0.200	  
Improved	  Accessibility	  to	  Cultural	  Sites	   0.260	   0.178	   0.151	   0.149	   0.090	   0.024	   0.063	   0.135	   0.125	   0.200	  
Visual	  Enhancement	   0.136	   0.209	   0.136	   0.028	   0.157	   0.154	   0.151	   0.108	   0.243	   0.200	  
Promoting	  Cultural	  Heritage	   0.072	   0.306	   0.088	   0.322	   0.270	   0.110	   0.291	   0.320	   0.195	   0.200	  
Increased	  Community	  Cohesion	   0.038	   0.168	   0.546	   0.157	   0.372	   0.647	   0.430	   0.206	   0.243	   0.200	  
Accessibility	  &	  Mobility	   0.234	   0.333	   0.323	   0.170	   0.062	   0.333	   0.655	   0.614	   0.333	   0.143	  
Increased	  Accessibility	  to	  Education	   0.167	   0.544	   0.342	   0.169	   0.231	   0.167	   0.071	   0.214	   0.263	   0.236	  
Increased	  Accessibility	  to	  Healthcare	   0.167	   0.261	   0.244	   0.294	   0.363	   0.167	   0.254	   0.284	   0.219	   0.557	  
Increased	  Accessibility	  to	  Retail	   0.167	   0.014	   0.108	   0.022	   0.172	   0.167	   0.095	   0.108	   0.088	   0.084	  
Increased	  Accessibility	  to	  Recreational	  Facilities	   0.167	   0.060	   0.155	   0.042	   0.103	   0.167	   0.194	   0.084	   0.080	   0.027	  
Increased	  Accessibility	  to	  Childcare	   0.167	   0.060	   0.090	   0.321	   0.078	   0.167	   0.054	   0.074	   0.198	   0.039	  
Increased	  Basic	  Mobility	   0.167	   0.060	   0.062	   0.153	   0.053	   0.167	   0.332	   0.236	   0.152	   0.056	  
Environmental	  Benefit	   0.080	   0.143	   0.143	   0.797	   0.200	   0.221	   0.157	   0.460	   0.481	   0.474	  
Resource	  Conservation	   0.258	   0.106	   0.132	   0.032	   0.395	   0.175	   0.500	   0.172	   0.165	   0.081	  
Natural	  Resource	  Conservation	   0.091	   0.042	   0.333	   0.044	   0.333	   0.221	   0.223	   0.600	   0.333	   0.053	  
Energy	  Conservation	   0.455	   0.180	   0.333	   0.205	   0.333	   0.319	   0.651	   0.200	   0.333	   0.474	  
Water	  Conservation	   0.455	   0.778	   0.333	   0.751	   0.333	   0.460	   0.127	   0.200	   0.333	   0.474	  
Reduced	  Pollution	   0.576	   0.710	   0.382	   0.112	   0.132	   0.704	   0.288	   0.243	   0.494	   0.731	  
Reduced	  Noise	  Pollution	   0.258	   0.025	   0.165	   0.067	   0.092	   0.293	   0.102	   0.156	   0.115	   0.065	  
Reduced	  Light	  Pollution	   0.052	   0.075	   0.125	   0.040	   0.038	   0.098	   0.059	   0.066	   0.052	   0.029	  
Reduced	  Air	  Pollution	   0.576	   0.225	   0.217	   0.251	   0.224	   0.386	   0.580	   0.503	   0.258	   0.679	  
Reduced	  Water	  Pollution	   0.115	   0.675	   0.494	   0.642	   0.646	   0.223	   0.259	   0.275	   0.576	   0.226	  
Ecological	  Preservation	   0.115	   0.106	   0.150	   0.235	   0.173	   0.091	   0.066	   0.343	   0.217	   0.141	  
Soil	  Protection	   0.333	   0.042	   0.333	   0.594	   0.557	   0.333	   0.279	   0.258	   0.333	   0.333	  
Habitat	  Restoration	   0.333	   0.180	   0.333	   0.249	   0.152	   0.333	   0.072	   0.637	   0.333	   0.333	  
Wetlands	  Protection	   0.333	   0.778	   0.333	   0.157	   0.291	   0.333	   0.649	   0.105	   0.333	   0.333	  
Ecological	  Enhancement	   0.052	   0.079	   0.336	   0.622	   0.300	   0.030	   0.147	   0.243	   0.125	   0.047	  
Improved	  Soil	  Quality	   0.081	   0.675	   0.122	   0.636	   0.250	   0.074	   0.067	   0.139	   0.112	   0.069	  
Provision	  of	  Natural	  Recreation	   0.047	   0.025	   0.122	   0.048	   0.250	   0.129	   0.606	   0.409	   0.167	   0.120	  
Increased	  Green	  Space	   0.141	   0.075	   0.277	   0.218	   0.250	   0.129	   0.098	   0.360	   0.432	   0.208	  
Improved	  Land	  Use	  Pattern	   0.731	   0.225	   0.480	   0.098	   0.250	   0.668	   0.229	   0.091	   0.289	   0.602	  
 
 93 
7.3.5 Stakeholder-Neutral Benefit Quantification Process 
The stakeholder-neutral benefits of each alternative were quantified in monetary terms (using the benefit 
class hierarchy of Fig. 7), as shown in Fig. 21 (adding a new alternative to the system) and Fig. 22 
(entering the benefit values of an alternative). For the case study, the benefits were defined based on the 
actual information documented in the Environmental Impact Statement (EIS) of the project (IDOT and 
FHWA 2010). Some benefits were explicitly and quantitatively (in monetary values) defined in the EIS – 
these were adapted from the report. Other benefits were only implicitly and/or qualitatively defined in the 
EIS; for those, monetary values based on the qualitative data were reasonably assumed. Examples of the 
benefits are (IDOT and FHWA 2010): 
• Initial Cost Savings: As stated in the project’s EIS, Alternatives 203 and 402 will cost $3,600 million 
and $2,800 million to plan, design, and construct, respectively. Based on the description of the “no 
action” alternative, it was assumed that it will cost $500 million. As such, the initial cost savings are 
$3,100 million ($3,600 - $500) for the “no action” alternative, $800 million ($3,600 - $2,800) for 
Alternative 402, and $0 ($3,600 - $3,600) for Alternative 203. 
• Employment Benefits: An analysis of employment gains and losses was documented in the EIS. 
Employment gains were estimated by multiplying the number of jobs created as a result of 
constructing a project alternative by the estimated mean yearly salary; while employment losses were 
estimated by multiplying the total number of employees displaced by their mean yearly salaries. 
Accordingly, employment benefits were defined as the value of employment gains minus losses. As a 
result, the employment benefits of Alternatives 203, 402, and “no action” were valued at $4,800 
million, $3,900 million, and $0, respectively.  
 
 
Figure 21: Software snapshot - adding a new alternative to the system (Alternative 203) 
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Figure 22: Software snapshot - adding stakeholder-neutral benefit values for Alternative 203 
7.3.6 Stakeholder-Sensitive Benefit Quantification Process 
The stakeholder-sensitive benefits of each alternative were automatically calculated based on the captured 
stakeholder benefit preferences and the stakeholder-neutral benefits of each alternative.  
7.3.7 Initial Pareto Screening Process 
After the stakeholder-sensitive benefits were quantified, the three alternatives were tested for Pareto-
dominance. None of the three alternatives were Pareto-dominated (i.e. no alternative were found to 
provide less benefits for all stakeholders relative to another alternative). As such, all alternatives advanced 
to the following stage. 
7.3.8 SC-SWF Quantification Process 
The SC-SWF quantification process was fully automated, including the calculation of mean benefit 
values, Gini coefficients, poverty segments, SC-SWFs, etc. The user may view the SC-SW analysis 
results as per Fig. 23: a user may choose to view the Lorenz curves, the welfare comparison chart, and the 
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SC-SWF analysis table. For example, the economic Lorenz curves of the three studied alternatives are 
shown in Fig. 24. The alternative analysis table (Fig. 25) shows the detailed analysis results for each 
alternative, while Fig. 26 visually depicts the economic, social, and environmental SC-SWFs for each 
alternative. As shown in Fig. 25, all three project alternatives result in much higher economic benefits in 
comparison to environmental and social benefits. The Gini coefficients of the economic benefits are 
relatively high (greater than 0.4 for all three alternatives), which indicates that stakeholders benefit 
unequally from the economic benefits of these alternatives. The same conclusion may be derived from the 
Lorenz curves; all three economic Lorenz curves (Fig. 24) are far from the perfect equality line. The 
perfect equality line depicts a perfect distribution of benefits among stakeholders (a hypothetical 
alternative where all stakeholders gain the exact same benefit from constructing that alternative). The 
economic poverty segments for all three alternatives (Fig. 25) show that some stakeholders are below the 
benefit poverty line (i.e. they benefit minimally from an alternative).  
 
Based on the results of the analysis, it can be concluded that Alternative 203 maximizes the collective 
benefits of the stakeholders. This analysis is based on balancing the three indicators of SC-SW (the mean 
benefit value, the Gini coefficient, and the poverty segment): 
• Alternative 203 has the highest SC-SWF ($278.43 million) among the three alternatives (in 
comparison to $255.45 and $41.04 million for Alternative 402 and ‘No Action’ Alternative, 
respectively).  
• Alternative 203 has higher economic, social, and environmental mean benefit values than Alternative 
402 and the ‘No Action’ Alternative. 
• Alternative 203 has slightly higher economic, social, and environmental Gini coefficients than 
Alternative 402, which shows that stakeholders benefit somewhat more ‘equally’ from Alternative 
402 than Alternative 203, despite the fact that Alternative 203 has a higher overall SC-SWF. The ‘No 
Action’ Alternative has the highest Gini coefficients among the three alternatives, which shows that it 
is the alternative that has the highest inequality in the distribution of benefits among stakeholders. 
• Alternative 203 has higher poverty segments than Alternative 402 and ‘No Action’ Alternative. 
 
From the results, it can be seen that in this particular case, the alternative with the highest mean benefit 
value has the highest SC-SWF, although it has slightly higher Gini coefficients (i.e. has less inequality in 
the distribution of benefits among stakeholders) and has higher poverty segments (i.e. has higher degree 
of minimal or insufficient benefits among stakeholders).  As such, although Alternative 402 is considered 
slightly more ‘fair’, in comparison to Alternative 203, Alternative 203 has a higher SC-SWF. This is 
because, in this particular case, the difference between the mean benefit values was much more significant 
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(in terms of magnitude) than the differences between the Gini coefficients and the poverty segments. 
Other scenarios would provide different results. For example, in some cases, the alternative that has the 
highest mean benefit value does not have the highest SC-SWF.  
 
This case study is an interim evaluation of the SI-Onto-based system for stakeholder-sensitive, 
sustainability-oriented benefit analysis of infrastructure project alternatives. The software was found to 
provide accurate results (in comparison to manually calculated results). Overall, the software was 
successful in capturing input from users and accordingly analyzing project alternatives in terms of their 
collective benefits to the stakeholders (using the proposed measures and indicators for sustainable 
construction social welfare). Further evaluation using an actual scenario in which a larger sample of 
project stakeholders participates in the process, stakeholders know beforehand that their involvement will 
influence the decision-making process, and stakeholder-neutral benefits are accurately calculated using 
the benefit quantification techniques discussed in Section 5.9.5 is needed. Such an evaluation is needed in 
order to assess the validity of the methodology by studying: 
• The applicability and practicality of using the proposed methodology in different real-life 
transportation project scenarios.  
• The opinion of stakeholders about the methodology of analysis and its results. User evaluation 
surveys may be used for this purpose. 
• The opinion of experts (e.g. transportation practitioners, state transportation officials, transportation 
service providers, researchers) about the methodology of analysis and its results. Focus groups, 
workshops, and/or user evaluation surveys may be used for this purpose. 
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Figure 23: Software snapshot - analysis of alternatives 
 
Figure 24: Software snapshot - economic Lorenz curves of the three alternatives 
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Figure 25: Software snapshot – alternative analysis table 
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Figure 26: Welfare comparison graph 
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS 
8.1 Summary and Conclusions 
8.1.1 Decision-Making Analysis Method for Stakeholder-Sensitive, Sustainability-Oriented 
Benefit Analysis of Infrastructure Project Alternatives Conclusions 
A decision-making analysis method for stakeholder-sensitive, sustainability-oriented benefit analysis of 
infrastructure project alternatives was developed to fulfill the first objective of this research. The current 
gaps in the stakeholder involvement process were the main motivations for defining the requirements of 
this method. The method proposed in this research is summarized in the following five stages: 
• Stakeholder involvement and benefit preferences capturing: The first stage of the proposed 
methodology is involving stakeholders early - prior to the development of project alternatives - to 
capture their concerns and benefit preferences. A set of project alternatives are generated, taking into 
consideration stakeholder input. After the generation of project alternatives, stakeholder benefit 
preferences are then used to analyze the proposed project alternatives. Stakeholder benefit preferences 
are captured using pair-wise comparisons. A survey is used to conduct the pair-wise comparisons. 
• Generation of alternatives: The aim of this stage is to develop a set of project alternatives taking into 
consideration stakeholder concerns and benefit preferences. The alternatives are further analyzed in 
subsequent stages according to the collective benefits that they will provide to the stakeholders, using 
the proposed SC-SWF. 
• Stakeholder benefit assessment: Stakeholder benefit assessment consists of three main steps:  
• Calculating benefit preferences: For each stakeholder, the benefit preference (weight) of the 
stakeholder for each sub-benefit is calculated using the analytical hierarchy process (AHP) based 
on the pair-wise comparisons completed by the stakeholder.  
• Quantifying stakeholder-neutral benefits: For each project alternative, the life cycle stakeholder-
neutral value of each sub-benefit is quantified in monetary terms. For the proposed methodology, 
benefits are classified under the three main triple-bottom-line sustainability categories: economic, 
social, and environmental.  
• Calculating stakeholder-sensitive benefits: Stakeholder-sensitive benefits are calculated based on 
the stakeholder benefit preferences and the stakeholder-neutral benefits. A stakeholder-sensitive 
benefit is the benefit to a stakeholder as a weighted value of a ‘stakeholder-neutral’ benefit (e.g. 
initial cost saving, asset appreciation, etc.). 
• Initial Pareto screening of project alternatives: An initial screening of project alternatives is conducted 
to identify Pareto-dominated alternatives. Pareto-dominated alternatives are eliminated as they are 
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clearly unfavorable by all stakeholders; a Pareto-dominated alternative will certainly not maximize 
the collective benefits of stakeholders.  
• Sustainable construction social welfare function (SC-SWF) analysis: This stage aims at quantifying 
the SC-SWF of each proposed project alternative to analyze each alternative in a stakeholder-
sensitive, sustainability-oriented manner. The SC-SWF is a measure of the collective benefits to all 
stakeholders. It is a function of the following indicators: 1) an indicator of the central tendency of the 
benefits to individual stakeholders: the mean stakeholder-sensitive benefits of the stakeholder 
population, 2) an indicator of the inequality in the distribution of benefits among stakeholders, and 3) 
an indicator of how many stakeholders benefit minimally or insufficiently and by what degree (what 
the author calls ‘poverty of benefit’). The alternative with the highest SC-SWF value is the alternative 
that maximizes the collective benefits to all stakeholders. 
 
As such, this method addresses the problems identified in the problem statement in the following ways: 
• Involving stakeholders actively and from the beginning of the project lifecycle.  
• Providing a transparent, systematic method of analyzing infrastructure project alternatives. 
• Focusing on analyzing alternatives in terms of the benefits to the stakeholders, ultimately leading to 
the design of projects that maximize the collective benefits to those stakeholders. 
• Avoiding overemphasizing cost as a criterion in the assessment and selection of project alternatives.  
• Addressing the fact that each stakeholder benefits differently from an infrastructure project alternative 
and incorporating stakeholders’ preferences as a variable in the assessment of project benefits. 
• Addressing fairness in the distribution of potential benefits among stakeholders. 
• Incorporating sustainability in the benefit analysis, taking into consideration the different dimensions 
of sustainability: 1) the triple bottom line dimension (balancing social, economic, and environmental 
benefits, 2) the intergenerational time dimension (analyzing benefits from a project to both current 
and future generations, and 3) geographical/spatial dimension (analyzing benefit allocation across 
stakeholders at different geographical/spatial scales, e.g. at the local, state, and federal levels). 
 
The proposed decision-making analysis method for stakeholder-sensitive, sustainability-oriented benefit 
analysis of infrastructure project alternatives was tested by: 1) Defining a set of possible cases/scenarios 
of stakeholder benefit preferences and stakeholder-neutral benefits values. The method was tested using 
these different values to ensure the reliability of the method in different cases/scenarios; 2) implementing 
the method in a prototype software; and 3) testing the method using two case studies (Chapter 7). The 
results of the case studies illustrated: 
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• The effectiveness of Pareto screening by showcasing the relatively minimal SC-SWF value of an 
already Pareto-dominated alternative. 
• The fact that the alternative with the highest SC-SWF is not necessarily the alternative that has the 
highest mean benefit value, the lowest Gini coefficient, or the lowest poverty segment. As such, none 
of the three indicators (mean benefit value, inequality in benefit distribution, and poverty of benefits) 
can be exclusively used to measure the collective benefit of a project alternative; they all have to be 
combined in one measure. 
8.1.2 Ontology for Stakeholder Involvement During Infrastructure Project Planning and Design 
(SI-Onto) Conclusions 
An ontology for stakeholder involvement during infrastructure project planning and design (SI-Onto) was 
developed. The SI-Onto provides a semantic representation of the proposed stakeholder-sensitive, 
sustainability-oriented benefit analysis method in the form of an ontological model. The main features of 
the SI-Onto can be summarized as follows: 
• The SI-Onto was developed as an extension to the Infrastructure and Construction PROcess Ontology 
(IC-PRO-Onto) (El-Gohary and El-Diraby 2010). 
• The SI-Onto is composed of concept hierarchies (taxonomies), relations, and axioms. Concepts 
represent the ‘things’ in the domain of interest, relations establish the inter-concept links, and axioms 
specify the definitions of concepts and relations and constraints on their behavior and interpretation 
(El-Gohary and El-Diraby 2010). 
• The SI-Onto focuses on modeling the different subprocesses of the stakeholder involvement process 
and their associated entities. 
• The SI-Onto provides a semantic representation of the proposed stakeholder-sensitive, sustainability-
oriented benefit analysis and models the SC-SWF as a measure for analyzing infrastructure project 
alternatives. 
• The semantic format of the SI-Onto will facilitate future evolution and extension of the model and the 
proposed methodology for benefit analysis and their adaptability to various analysis scenarios. For 
example, the ‘benefit’ class hierarchy may be modified, updated, extended, and/or refined to 
accommodate possible variability in project benefits.  
• The semantic format of the SI-Onto will facilitate interoperability with other models or software 
systems and the development of semantic SI-Onto-based software applications.  
 
The SI-Onto was evaluated using consistency checking and competency questions: 
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• Consistency checking was conducted in order to ensure that the ontology does not include a concept 
that cannot have any instances, i.e. an inconsistent concept (El-Gohary and El-Diraby 2010). Pellet (a 
built-in consistency checker in Protégé) was used to automatically check the ontology for 
inconsistency, and all concepts were found to be consistent.  
• Competency questions (a set of requirements in the form of questions) were defined to formulate and 
test the ontological model. For the SI-Onto, competency questions were answered manually. All 
competency questions were answered correctly, which indicates that the SI-Onto fulfills its 
requirements.  
User evaluation surveys will be conducted in the future to further evaluate the SI-Onto. User evaluations 
typically evaluate an ontology in terms of representation, coverage, and ease of use (El-Gohary and El-
Diraby 2010). 
8.1.3 Prototype Software Conclusions 
The decision-making analysis method and the SI-Onto were implemented in a prototype software. This 
software can be used by project administrators to conduct stakeholder-sensitive, sustainability-oriented 
analysis of infrastructure project alternatives. The software can be used to perform the following 
functions: 
• Capturing input from stakeholders (e.g. personal information, benefit preferences) and project/system 
administrator (e.g. stakeholder neutral benefits, the value of the benefit poverty line). 
• Calculating stakeholder benefit preferences and stakeholder-sensitive benefits for each stakeholder. 
• Calculating the SC-SWF and its indicators (mean benefit value, Gini coefficient, poverty segment) for 
each project alternative. 
• Displaying the SC-SW analysis results (welfare analysis table, Lorenz curves, welfare comparison 
graph) in a visual manner. 
The prototype software was tested using a set of different pre-defined test cases and evaluated using a 
case study: 
• A set of 150 test cases were developed and used in testing the software. After a set of debugging and 
testing iterations, the prototype software passed the testing phase (i.e. passed all 150 test cases). 
• A case study was conducted to test and evaluate the prototype software. The software provided 
reliable results and ran efficiently (in terms of memory and processing time). 
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8.2 Recommendations for Future Research 
8.2.1 Recommendations for Stakeholder-Sensitive, Sustainability-Oriented Benefit Analysis of 
Infrastructure Project Alternatives 
A set of recommendations for future research in the area of stakeholder-sensitive, sustainability- oriented 
benefit analysis of infrastructure project alternatives are proposed: 
• Further evaluation using actual scenarios in which larger samples of project stakeholders participate 
in the process, stakeholders know beforehand that their involvement will influence the decision-
making process, and stakeholder-neutral benefits are accurately calculated using the benefit 
quantification techniques discussed in Section 5.9.5 is needed. Such evaluation is needed in order to 
assess the validity of the methodology by studying: 
• The applicability and practicality of using the proposed methodology in different real-life 
transportation project scenarios.  
• The opinion of stakeholders about the methodology of analysis and its results. User evaluation 
surveys may be used for this purpose. 
• The opinion of experts (e.g. transportation practitioners, state transportation officials, 
transportation service providers, researchers) about the methodology of analysis and its results. 
Focus groups, workshops, and/or user evaluation surveys may be used for this purpose. 
• Further development and/or refinement of the SC-SWF can be done through the following: 
• Researching new measures/indicators for measuring and maximizing the welfare of a group of 
stakeholders. 
• Researching new indicators and/or methods for assessing inequality in the distribution of benefits. 
• Researching new indicators and/or methods for assessing poverty of benefits. 
• Finding qualitative and quantitative methods for analyzing infrastructure project alternatives in 
terms of the intergenerational time dimension of sustainability. This includes: 
• Defining the benefits to a future generation of stakeholders. This requires further research in 
how to define the benefits (positive and negative) to future generations and how to define the 
benefit preferences of stakeholders. Future generations of stakeholders are not born yet and 
thus capturing their benefit preferences directly would be impossible). Other means of 
estimating or predicting the preferences of future generations are thus needed. 
• Determining an ‘appropriate’ time frame for the analysis and what constitutes a generation. 
There is no clear definition of the number of years in a generation (estimates range from 20 to 
30 years). Defining the time span of the analysis and how many generations should be 
considered within that time span is difficult. 
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8.2.2 Recommendations for the Ontology for Stakeholder Involvement During Infrastructure 
Project Planning and Design (SI-Onto) 
A set of recommendations for further research and development of the SI-Onto are proposed: 
• Expanding the scope of the ontology to model the quantification of benefits using different benefit 
quantification techniques: The quantification of the benefits of infrastructure projects is an evolving 
field and research on quantifying certain non-monetary benefits is currently being conducted. As 
such, the SI-Onto should incorporate such emerging methods for quantifying benefits as research 
evolves. 
• Expanding the scope of the ontology to model, in greater depth, the processes that occur prior to the 
generation of project alternatives: The current ontology focuses on modeling classes, relations, and 
axioms that occur post the generation of project alternatives. Expanding the ontology in such manner 
will widen its practical applicability.  
• Refining and maintaining the ontology: The ontology could be maintained (refined, updated, etc.) 
through (El-Gohary and El-Diraby 2010): 
• Stand-alone maintenance: maintaining the ontology by adding or modifying concepts, relations, 
and axioms. 
• Software-influenced maintenance: developing and observing the use of ontology-based 
software for discovering new ways to represent, implement, and expand the knowledge in the 
ontological model.  
• Extension-influenced maintenance: developing new ontologies that are extensions of the SI-
Onto. This might improve the way knowledge is represented by providing more insight about 
the domain of stakeholder involvement in infrastructure development. 
8.2.3 Recommendations for Prototype Software 
A set of recommendations for further research and development of the prototype software are proposed: 
• Further developing the prototype software to include more functions: The software can be expanded 
to include the following functions: 
• Conducting detailed stakeholder profiling using different stakeholder profiling techniques. 
• Quantifying the benefits of project alternatives using different benefit quantification techniques. 
• Displaying and visualizing detailed project information. 
• Sending automated notifications to stakeholders (e.g. notifications about upcoming project public 
events). 
• Conducting initial Pareto screening on project alternatives. 
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• Linking and integrating the prototype with existing legacy applications (such as Microsoft Office 
applications, Primavera scheduling software, Autodesk applications, etc.). 
• Further evaluation of the prototype in different, actual projects (where larger samples of project 
stakeholders would use the software), in order to assess the usability and functionality of the 
prototype in different project scenarios.  
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APPENDIX A: BENEFIT PREFERENCE SURVEY 
 
University of Illinois at Urbana – Champaign 
Civil and Environmental Engineering 
 
Stakeholder Benefit Preference Survey 
This survey is designed to capture stakeholder input about the benefits of transportation projects. It is part 
of a methodology designed to maximize the collective benefits of stakeholders when selecting project 
alternatives in transportation projects.  
Filling out this survey will help establish this methodology and test it. Thank you for helping us out! 
These are the proposed benefits for transportation projects: 
 
How to fill out the survey: 
Brief descriptions of benefits will be provided and followed by the survey questions in boxes.  
Select the benefit you prefer and write in the box how much it is preferred on a scale of 1 to 10  
(Suggestions: 9 = absolutely preferred, 7 = very strongly preferred, 5 = strongly preferred, 3 = moderately 
preferred, and 1 = equally preferred) 
Example of a Survey Question: 
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  This means that you STRONGLY PREFER Economic Benefits over Social benefits. 
(1) 
Economic benefits are financial and economic improvement benefits as a result of building a project 
alternative. 
Social benefits of transportation projects are benefits that improve the quality of life of individuals in 
terms of safety, mobility, and culture. 
Environmental benefits are benefits resulting from transportation projects that have a positive impact on 
the surroundings of areas in which stakeholder live, work, and commute. 
 
o  Economic Benefits o  Social Benefits ☐ 
o  Economic Benefits o  Environmental Benefits ☐ 
o  Social Benefits o  Environmental Benefits ☐ 
 
(2) 
Financial benefits are direct monetary benefits experienced from building a new project alternative 
relative to the current situation. 
Economic improvement benefits can either be microeconomic or macroeconomic benefits experienced 
after building a project alternative.  
 
 
 
(3) 
Health & safety benefits are positive effects on the safety and wellbeing of the people. 
Cultural and community benefits are benefits from stimulating social interaction, increasing people’s 
sense of society and belonging, and increasing cultural awareness. 
Accessibility and Mobility benefits are benefits that make areas more reachable to stakeholders. 
 
o  Health & Safety Benefits o  Cultural and Community Benefits ☐ 
o  Health & Safety Benefits o  Accessibility and Mobility Benefits ☐ 
o  Cultural and Community Benefits o  Accessibility and Mobility Benefits ☐ 
 
 
 
 
o  Financial Benefits o  Economic Improvement Benefits ☐ 
 114 
 
(4) 
Resource conservation is a benefit resulting from the decreased water, energy, and natural resource 
demands that a project alternative would have. 
Reduced Pollution is divided into reduced noise pollution, reduced air pollution, reduced light pollution, 
and reduced water pollution. 
Ecological preservation benefits are benefits resulting from the protection of the ecosystem 
surroundings when building a transportation project alternative. 
Ecological enhancement is improving the current ecological conditions around the transportation system 
proposed. 
 
o  Resource Conservation o  Reduced Pollution ☐ 
o  Resource Conservation o  Ecological Preservation Benefits ☐ 
o  Resource Conservation o  Ecological Enhancement ☐ 
o  Reduced Pollution o  Ecological Preservation Benefits ☐ 
o  Reduced Pollution o  Ecological Enhancement ☐ 
o  Ecological Preservation Benefits o  Ecological Enhancement ☐ 
 
(5) 
Project cost savings are savings in the total discounted life cycle cost as a result of building an 
alternative. 
User financial benefits are time and cost benefits resulting from using the proposed alternative as 
opposed to the current situation. 
 
o  Project Cost Savings o  User Financial Benefits ☐ 
 
(6) 
Microeconomic benefits are benefits resulting from better household and firm allocation of resources. 
Macroeconomic benefits are economic benefits on a more broad scale than on a household or business 
level and deal with regional, national, and international economy interactions. 
 
o  Microeconomic Benefits o  Macroeconomic Benefits ☐ 
 
 115 
 
(7) 
Accident reduction is the decline of fatalities and injuries resulting from building a project alternative. 
Promoting active transportation is a physical fitness and health benefit resulting from people using 
more non-motorized transportation options such as walking and bicycling. 
Reduced mortality risks are benefit from decreasing the hazard of people being exposed to a fatal 
disease. 
Reduced morbidity risks are benefit from decreasing the hazard of people being exposed to a non-fatal 
disease. 
 
(8) 
Cultural resource preservation may result from building a transportation mode that does not pass 
through a preserved historical site as opposed to one that disrupts the cultural aspects of that site. 
Increased accessibility to cultural sites is a benefit from building a project alternative that would make 
it more viable for stakeholders to visit cultural sites around the area. 
Visual enhancement is improving the visual appearance of a neighborhood or region. 
Promoting cultural heritage is increasing emphasis on cultural values in transportation options, which 
can be done by displaying artistic murals or sculptures in subway stations or bus shelters that are relevant 
to the city’s cultural background. 
Increased community cohesion is a benefit that can result from transportation options that inspire a 
sense of togetherness for people. 
o  Accident Reduction o  Promoting Active Transportation ☐ 
o  Accident Reduction o  Reduced Mortality Risks ☐ 
o  Accident Reduction o  Reduced Morbidity Risks ☐ 
o  Promoting Active Transportation o  Reduced Mortality Risks ☐ 
o  Promoting Active Transportation o  Reduced Morbidity Risks ☐ 
o  Reduced Mortality Risks o  Reduced Morbidity Risks ☐ 
o  Cultural Resource Preservation o  Increased Accessibility to Cultural Sites ☐ 
o  Cultural Resource Preservation o  Visual Enhancement  ☐ 
o  Cultural Resource Preservation o  Promoting Cultural Heritage ☐ 
o  Cultural Resource Preservation o  Increased Community Cohesion ☐ 
o  Increased Accessibility to Cultural Sites o  Visual Enhancement ☐ 
o  Increased Accessibility to Cultural Sites o  Promoting Cultural Heritage ☐ 
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(9) 
Increased accessibility to education is making educational facilities more reachable to stakeholders. 
Increased accessibility to healthcare is making healthcare facilities more reachable to stakeholders. 
Increased accessibility to retail is making retail facilities more reachable to stakeholders. 
Increased accessibility to recreational facilities is making recreational facilities more reachable to 
stakeholders. 
Increased accessibility to childcare is making childcare facilities more reachable to stakeholders. 
Increased mobility is increasing the ease of transport for non-drivers or people with disabilities. 
 
o  Increased Accessibility to Education o  Increased Accessibility to Healthcare ☐ 
o  Increased Accessibility to Education o  Increased Accessibility to Retail ☐ 
o  Increased Accessibility to Education o  Increased Accessibility to Recreational Facilities ☐ 
o  Increased Accessibility to Education o  Increased Accessibility to Childcare ☐ 
o  Increased Accessibility to Education o  Increased Mobility ☐ 
o  Increased Accessibility to Healthcare o  Increased Accessibility to Retail ☐ 
o  Increased Accessibility to Healthcare o  Increased Accessibility to Recreational Facilities ☐ 
o  Increased Accessibility to Healthcare o  Increased Accessibility to Childcare ☐ 
o  Increased Accessibility to Healthcare o  Increased Mobility ☐ 
o  Increased Accessibility to Retail o  Increased Accessibility to Recreational Facilities ☐ 
o  Increased Accessibility to Retail o  Increased Accessibility to Childcare ☐ 
o  Increased Accessibility to Retail o  Increased Mobility ☐ 
o  Increased Accessibility to Recreational 
Facilities 
o  Increased Accessibility to Childcare ☐ 
o  Increased Accessibility to Recreational 
Facilities 
o  Increased Mobility ☐ 
o  Increased Accessibility to Childcare o  Increased Mobility ☐ 
 
o  Increased Accessibility to Cultural Sites o  Increased Community Cohesion ☐ 
o  Visual Enhancement o  Promoting Cultural Heritage ☐ 
o  Visual Enhancement o  Increased Community Cohesion ☐ 
o  Promoting Cultural Heritage o  Increased Community Cohesion ☐ 
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(10) 
Natural resource conservation is defined as saving the provision of supplies such as food, fuel, and 
timber among other resources. 
Energy conservation is the reduction in energy consumption an alternative would save. 
Water conservation is the savings in the water usage of different project alternatives. 
 
(11) 
Reduced noise pollution results from having lower degrees of noise affecting the surrounding areas near 
the transportation project. 
Reduced light pollution is the reduction of glare and unwanted light in transportation systems. 
Reduced air pollution is reducing the emissions of transportation modes, which in turn improves the air 
quality around the transportation system. 
Reduced water pollution is the reduction of contaminants that pollute water around the transportation 
options. 
 
o  Reduced Noise Pollution o  Reduced Light Pollution ☐ 
o  Reduced Noise Pollution o  Reduced Air Pollution ☐ 
o  Reduced Noise Pollution o  Reduced Water Pollution ☐ 
o  Reduced Light Pollution o  Reduced Air Pollution ☐ 
o  Reduced Light Pollution o  Reduced Water Pollution ☐ 
o  Reduced Air Pollution o  Reduced Water Pollution ☐ 
 
 
(12) 
Soil protection is preserving the soil around the transportation system from erosion and toxic soil 
contaminants. 
Habitat restoration is building transportation projects that help restore habitats to their original 
environments. 
Wetlands protection is a benefit from preserving wetlands and making sure that transportation projects 
do not decrease the net total area of wetlands in the area. 
o  Natural Resource Conservation o  Energy Conservation ☐ 
o  Natural Resource Conservation o  Water Conservation ☐ 
o  Energy Conservation o  Water Conservation ☐ 
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o  Soil Protection o  Habitat Restoration ☐ 
o  Soil Protection o  Wetlands Protection ☐ 
o  Habitat Restoration o  Wetlands Protection ☐ 
 
(13) 
Improved soil quality is a benefit that can result from transportation projects that improve water 
infiltration in the soil. 
Provision of natural recreation is increasing natural recreation facilities in transportation projects. 
Increased green space is a benefit that results in better air quality and walkability among other factors. 
Improved land use patterns also have benefits ranging from increased infrastructure savings, economic 
productivity, and improved environmental quality. 
o  Improved Soil Quality o  Provision of Natural Recreation ☐ 
o  Improved Soil Quality o  Increased Green Space ☐ 
o  Improved Soil Quality o  Improved Land Use Patterns ☐ 
o  Provision of Natural Recreation o  Increased Green Space ☐ 
o  Provision of Natural Recreation o  Improved Land Use Patterns ☐ 
o  Increased Green Space o  Improved Land Use Patterns ☐ 
 
 
(14) 
The initial cost saving is the saving in estimated construction cost of the project. 
Operation, maintenance, and repair cost savings are the savings in costs to the project that are incurred 
over its life cycle. 
Financing costs, taxes, and replacement cost savings (Savings in costs that are needed at the end of the 
project’s projected life cycle in order to either build a new project to replace the current one or rehabilitate 
the project so that it can still be useable to commuters). 
 
o  Initial Cost Saving o  Operation, Maintenance, & Repair 
Cost Savings 
☐ 
o  Initial Cost Saving o  Financing Costs, Taxes, & Replacement 
Cost Savings 
☐ 
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o  Operation, Maintenance, & Repair 
Cost Savings 
o  Financing Costs, Taxes, & Replacement 
Cost Savings 
☐ 
 
(15) 
User travel time savings are the reduction of commuting time as a result of building a new project 
alternative. 
User vehicle cost savings are the decreased vehicle maintenance, tire, gas, and depreciation costs 
resulting from commuting through a shorter route as a result of building a project alternative. 
 
o  User Travel Time Savings o  User Vehicle Cost Savings ☐ 
 
(16) 
Business improvement is defined by increased accessibility to business, decreased business-operating 
expenses, and decreased economic traffic congestion losses. 
Household affordability benefits are reduced household monthly costs as a result of building a project 
alternative. 
 
o  Business Improvement o  Household Affordability Benefits ☐ 
 
(17) 
Employment benefits are providing more employment for people in the area. 
Asset appreciation is higher land and property valuation resulting from building an alternative. 
Trade benefits result from decreased time and cost of moving merchandise over distances. 
 
o  Employment Benefits o  Asset Appreciation ☐ 
o  Employment Benefits o  Trade Benefits ☐ 
o  Asset Appreciation o  Trade Benefits ☐ 
 
(18) 
Increased accessibility to business is making businesses more accessible to customers. 
Decreased business operating expenses is making it more cost effective for businesses to transport 
goods and services. 
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Decreased economic traffic congestion losses are decreasing the costs associated with bad traffic 
conditions. 
 
o  Increased Accessibility to Business o  Decreased Business Operating Expenses ☐ 
o  Increased Accessibility to Business o  Decreased Economic Traffic Congestion Losses ☐ 
o  Decreased Business Operating Expenses o  Decreased Economic Traffic Congestion Losses ☐ 
 
(19) 
Increased transportation affordability is the reduced household monthly costs on transportation. 
Increased housing affordability is decreased housing ownership or renting costs. 
 
o  Increased Transportation Affordability o  Increased Housing Affordability ☐ 
 
 
 
